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Abstract
In past few decades, the study of metamaterials has become a relevant research field on engineered materials
which has emerged strongly oriented to experimental applications. In particular, the peculiar optical behavior
of the metamaterials that have called the attention of the scientific world. This dissertation aims to give a
contribution, based on computational simulations, to the comprehension of the optical properties of metastruc-
tures composed by metallic cylindrical nanowires embedded into the pores of an anodic nanoporous alumina
(ANA) membrane, a dielectric matrix, and how the geometrical parameters of the combined structure affects
its optical behavior. Furthermore, making use of the plasmonic nature of metallic nanowires, this dissertation
intends to show that these metamaterials can be used as a refractive index sensor capable to measure variations
in the 3rd decimal place.
In chapter 2 is provided a brief view of the theory that supports the computational part of this dissertation.
Starting from Maxwell’s equations, the principles for the derivation of dispersion relations of surface plasmon
in a metallic cylindrical nanowire are shown in sec. 2.1. These dispersion relations will provide a simple way to
identify surfaces waves, on the dielectric/metal interface, as surface plasmon-polaritions (SPPs). In sec. 2.2 is
discussed the optical properties of the materials relevant for this dissertation: amorphous alumina and noble
metals gold and silver. In sec. 2.3 a description of MEEP, the tool used to perform computational simulations,
will be presented.
All computational simulations results will be shown in chapter 3. The sec. 3.1 presents the fundamental
SPP modes of propagation on a infinitely-long metallic cylindrical nanowire, the monopolar and the dipolar
modes, and how these modes are affected by the radius of the nanowire as the index of refraction of the its
surrouding medium. In sec. 3.2, the origin of the resonant scattering of an electromagnetic wave by a metallic
nanowire will be explained as also the dependence of the resonance condition with the radius and the index of
refraction of external medium to the nanowire. The metastructure composed by metallic nanowires embedded
in ANA membrane will be presented in sec. 3.3 as also how its optical behavior depends on the type of metal,
radius of the nanowires and distance between them. Finally, in sec. 3.4 an explanation of how these structures
can be used, in a surprisingly manner, as a refreactive index sensor, will be given.
The chapter 4 comprises the fabrication and optical analysis the metastructures. The method of synthesis of
ANA membranes as well the method to grow silver nanowires inside the pores of the membranes will explained
in sec. 4.1 and sec. 4.2, respectively. The optical properties of some of the synthesized membranes with silver
nanowires in their pores, as a comparison with MEEP results, will be detailed in sec. 4.3. Finally, in sec. 4.4,
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the very initial stage of translate the MEEP results into a refractive index sensor will be briefly given.
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1. Motivation
A class of materials that have gained considerable attention in last decades is that of metamaterials, artificially
structured materials with sub-wavelength metallic inclusions. One of the most outstanding features of such
materials are their electromagnetic properties that come not only from their composition but also from the
nature and geometry of the subwavelength-engineered structures. In this kind of materials, the electromag-
netic (EM) waves cannot sense the subwavelength structures and see the material as a quasi homogeneous,
or effective, medium, hence the term “metamaterial”. The advent of metamaterials has opened the door to a
new set of applications that involve EM radiation. These new applications, that go beyond simple reflections,
reinforced the interest in the manipulation of light-metal interactions, field known as Plasmonic, that studies
the confinement, guidance and manipulation of the EM waves beyond the diffraction limit or even at the
nanoscale. The metamaterials that supports plasmonic effects are usually termed as “Plasmonic Metama-
terials”. In the plasmonic field, the key component are the metals, since they support the so-called Surface
Plasmons (SP), or Surface Plasmon-Polaritons (SPP), which are electromagnetic waves coupled to a collective
oscillation of free electrons at the surface of metallic particles. An interesting fact about SPPs is that the
resonant coupling condition between the light and the free electrons may be easily adjusted by controlling the
size of the metallic particles.
Among metals, silver and gold are probably the most used in the field of plasmonics. In fact, choosing
of a metal that supports plasmonic resonances in a wide range of wavelengths is of greatest importance in
plasmonics. With silver, it is possible to cover the 300 − 1200nm range of wavelengths. A classic example
where the plasmonic effects can be observed is the “Lycurgus cup” (see Fig. 1.1), a handcrafted cup from the
late Roman era. This cup appears green when light is reflected on the outside surface, but shines red when
illuminated from the inside. The presence of colloidal silver-gold nanoparticles inside the glass of the cup gives
rise to a surface plasmon resonance (SPR) due to the interaction with light[3]. In fact, the small size of the
metallic particles, of about 30nm in diameter, shifts the bulk plasma frequency of the metallic nanoparticles
into the visible regime, hence the red color.
In the framework of a cooperation between IFIMUP-IN (Instituto de Física dos Materiais da Universidade do
Porto - Instituto de Nanociência e Nanotecnologia) and INESC-UOSE (Instituto de Engenharia de Sistemas
e Computadores do Porto - Optoelectrónica e Sistemas Electrónicos), it was reported the existence of few
works on synthesis and, in particular, optical characterization of silver nanowires embedded in nanoporous
alumina membranes. Thereby, the aim of this dissertation is to give a contribution to this area, that is, to
13
Chapter 1 Motivation
Figure 1.1.: Picture of ht Lycurgus cup. The right picture shows the reflected green light. The left ones shows
the cup illuminated from the inside. The red color is a result of the surface plasmon resonance colloidal
silver-gold nanoparticles.
synthesize and analyze optically these structures as well as to use computational support to predict resonant
optical behaviors in order to verify the feasibility of practical application of this type of structures.
As a fan of nanotechnology and in order to obtain a master’s degree in Engineering Physics, I accepted
the challenge of studying computationally, in the context of plasmonic metamaterials, the optical properties
of structures composed of silver and gold nanowires embedded in anodic nanoporous alumina membranes, to
show how the plasmonic resonances are affected by geometric parameters of the structure, show whether these
structures can be used as a sensor of refraction index and, finally, if feasible, try to develop experimentally a
sensor based on optimized computational results.
14
2. Theoretical support
In this chapter, a brief description of electromagnetic theory used in computational part of this dissertation,
as a description of the tool for the realization of computational simulations, will be presented. In section
sec. 2.1, the dispersion relation of surface plasmon-polaritons at the longitudinal surface of an infinite metallic
cylinder will be presented. In the section sec. 2.2 the Lorentz/Drude model for metals will be presented as
also the optical properties of the materials used the computational simulations. Finally, in sec. 2.3 MEEP, the
computational package, will be presented.
2.1. Dispersion relations for surface plasmon in an infinitely-long
metallic cylindrical nanowire
As this dissertation involves the study of metallic cylindrical nanowires and, in particular, the study of surface
plasmon-polaritons modes, this section will presents a brief derivation of the dispersion relations for non-
radiative surface plasmons in an infinitely-long metallic cylindrical nanowire. A fundamental description and
mathematical derivation can be found in textbooks of classical electromagnetism like Jackson[4] or Stratton[5].
Any typical optics introductions has to start with the Maxwell’s equations. This set of equations, introduced
by James Clerk Maxwell in 1865 [6], describes the behavior of EM-waves in vacuum as also in different media.
The four equations, the Coulomb’s law (2.1) for electric field sources, the Gauss’s law (2.2) for magnetism,
the Faraday’s law (2.3) of induction and the Ampère’s circuital law (2.4) with Maxwell’s correction, can be
written in the international system of units (SI-units) and in differential form as the following1
∇ ·D (r, t) = ρ (r, t) (2.1)
∇ ·B (r, t) = 0 (2.2)
∇×E (r, t) = −∂B (r, t)
∂t
(2.3)
∇×H (r, t) = j (r, t) + ∂D (r, t)
∂t
(2.4)
where E is the electric and H the magnetic fields. D denotes the electric displacement, B the magnetic flux
density, j the electric current density and ρ the electric charge density. The first five quantities are three
1The symbols of vector quantities are represented in bold type.
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Chapter 2
dimensional vector fields, the charge density is a scalar field and all depend on the space coordinate r and
time t. j and ρ are related via the charge conservation law or continuity equation ∇ · j (r, t) = −∂ρ (r, t) /∂t.
The electric displacement and the magnetic flux density are written as
D (r, t) = ε0E (r, t) + P (r, t) (2.5)
H (r, t) = µ−10 B (r, t)−M (r, t) (2.6)
where P is the macroscopic polarization, M is the macroscopic magnetization, and the constants ε0 and µ0
are the vacuum permittivity and vacuum permeability, respectively. Inside a medium, additional equations
are needed to take into account the material properties into the electromagnetic field. These equations are
known as constitutive relations and relates D to E and B to H. In an isotropic, linear and non-dispersive
material, where P = ε0χˆeE and M = χˆmH , with χˆe being the electric susceptibility tensor and χˆm the
magnetic susceptibility tensor, these constitutive relations becomes
D (r, t) = ε0 (1 + χˆe (r, t))E (r, t) = ε0εˆ (r, t)E (2.7)
B (r, t) = µ0 (1 + χˆm (r, t))H (r, t) = µ0µˆ (r, t)H (2.8)
jc (r, t) = σˆ (r, t)E (r, t) (2.9)
where εˆ = 1+χˆe and uˆ = 1+χˆm are the relative electric permittivity tensor and relative magnetic permeability
tensor, respectively. The quantity jc is the conduction current density and is related to E via the electric
conductivity tensor σˆ. Together with the current density jf , which arises from free charges, they form the
current density j in Ampère’s law (2.4), that is, j = jf + jc.
In this dissertation isotropic, and homogeneous (εˆ, µˆ and σˆ becomes constants scalars), non-magnetic (µ = 1)
and with no free charges (ρ = 0) or free currents (jf = 0) materials are used. For plane and time-harmonic
waves, where E (r, t) = E0 exp [j(k · r − jωt)] and H (r, t) = H0 exp [j(k · r − jωt)], and taking into account
the materials assumptions, the constitutive relations become
D (r, t) = ε0εE0ej(k·r−jωt) = ε0εE (r, t) (2.10)
B (r, t) = µ0H0ej(k·r−jωt) = µ0H (r, t) (2.11)
jc (r, t) = σE0ej(k·r−jωt) = σE (r, t) (2.12)
where ω is the angular frequency, which is related to vacuum wavelength λ0 by ω = 2pic/λ0 = ck0 with c the
speed of light in vacuum, and k the wave vector with absolute value k = 2pi/λ. Using time-harmonic fields
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together with equations (2.10) and (2.12) in Ampère’s law (2.4) results in2
∇×H0 = σE0 − jωε0εE0 = −jωε0
(
ε+ j σ
ε0ω
)
E0 = −jωε0
(
εr + jεi
)
E0 (2.13)
where the expression in brackets is defined as the complex electric permittivity ε, being εr and εi the respective
real and imaginary parts. An important quantity is the complex refractive index n = n+ jκ which is related
to the complex electric permittivity by ε = n2, that is
εr = n2 − κ2 (2.14)
εi = 2nκ (2.15)
where n and κ are, respectively, the refractive index and extinction coefficient. This last term represents the
absorption of the material. In sec. 2.2 it will be presented a discussion of the permittivity of the materials
used in this dissertation.
Applying the curl operator to the equations (2.3) and (2.4) and making use of the vector identity ∇ ×
(∇×A (r)) = ∇ (∇ ·A (r)) −∇2A (r) where A (r) is an arbitrary vector field, one obtains the Helmholtz
vector wave equation of equation for homogeneous media
∇2E + εk20E = 0 (2.16)
∇2H + εk20H = 0 (2.17)
which has to be satisfied by every vector component of the electromagnetic field. Analytical solutions of
theses equations exists for simple geometries as in the case of cylindrical wires. For complex structures,
approximations or numerical methods have to be applied to solve these equations.
In piecewise homogeneous structures that have well-defined interfaces, the different solutions of wave equa-
tions in each domain must satisfy the boundary conditions that emerge from the fundamental properties of
Maxwell’s equations. For two adjacent domains, identified as a and b, and considering the assumptions for
the materials mentioned above, the boundary conditions are
nˆ× (Eb −Ea) = 0
nˆ× (Hb −Ha) = 0
nˆ · (εbEb − εaEa) = Σ/ε0
nˆ · (Hb −Ha) = 0
where nˆ is the unit vector normal to the interface between domains a and b, and pointing from domain a
to b. The boundary conditions states that every component of magnetic field and the tangential components
2For a clear notation, the symbol (r, t) is suppressed in quantities with space-time dependecies.
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of the electric field must be continuous across the interface between the two domains. However, the normal
component of electric field shows a discontinuity that is described by an induced surface charge density Σ that
appears only at the boundary between two domains.
A theoretical approach to the calculation of the dispersion relations for non-radiative surface plasmons in
an infinitely-long metallic cylindrical nanowire is to solve Helmholtz equations (2.16) and (2.17) in the two
different media in the absence of sources. For cylindrical structures, the solution can be expanded by the
Bessel and Hankel functions. To avoid a divergent at the nanowire center, r = 0, the solution can only be
expressed by the Bessel function of the first kind inside the nanowire. For the outside space, the solution must
be the Hankel function of the first kind since it approaches the propagating wave form of ∼ ejkr·r when the
distance r from the center of the nanowire tends to infinite. Therefore, the wave function inside and outside
the nanowire, labeled respectively by i and o, can be written as[7]
Ψi =
∞∑
m=0
CmJm (hir) ejmθejβz (2.18)
Ψo =
∞∑
m=0
DmHm (hor) ejmθejβz (2.19)
where Ψ can be both the electric field E or magnetic field H. In these equations Jm and Hm are, respectively,
the Bessel and Hankel functions of first kind of order m. hi, ho and β are, respectively, the axial momenta
inside and outside the nanowire, and the longitudinal momenta of the surface wave. Cm and Dm are arbitrary
constants to be founded from boundary conditions. hi and h0 are expressed as hi =
(
εik
2
0 − β2
)1/2 and
ho =
(
εok
2
0 − β2
)1/2 with εi and εo being the electric permittivity of the cylinder and surrounding medium,
respectively. Continuity condition of the axial momentum as also the angular quantum number m on the
surface of nanowire leads to the same β in the two regions. Thus, taking into account the boundary conditions
and combining the electric and magnetic fields in the two regions on the surface of the nanowire, results in
the following dispersion relation for a cylinder with radius R
h2ih
2
o
(
ho
J
′
m (hiR)
Jm (hiR)
− hiH
′
m (hoR)
Hm (hoR)
)(
hoεi
J
′
m (hiR)
Jm (hiR)
− hiεoH
′
m (hoR)
Hm (hoR)
)
− m
2
R2
k20
β2
(εo − εi)2 = 0 (2.20)
where J ′m and H
′
m are the derivatives of the Bessel functions Jm and Hm. However, since surface plasmon-
polaritons are surface modes, their fields must be evanescent in both metal and dielectric, i.e., hi and ho
must be purely imaginary. This can be achieved if negligible losses in metals were considered [8]. Thus, is
preferible to rewrite the dispersion relation by replacing the Bessel function of first kind Jm by the modified
Bessel function of first kind Im and the Hankel function of first kind Hm by the modified Bessel function of
second kind Km. The result is the dispersion relation of the SPP modes in a infinitely-long cylindrical metallic
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nanowire
κ2iκ
2
o
(
κo
I
′
m (κiR)
Im (κiR)
− κiK
′
m (κoR)
Km (κoR)
)(
κoεi
I
′
m (κiR)
Im (κiR)
− κiεoK
′
m (κoR)
Km (κoR)
)
− m
2
R2
k20
β2
(εo − εi)2 = 0 (2.21)
where hi = jκi = j
(
β2 − εik20
)1/2 and ho = jκo = j (β2 − εok20)1/2. This transcendental equation can only be
solved by numerical methods [9]. In sec. 3.1, the solutions of this equations for m = 0, monopole SPP mode,
and m = 1, the dipole SPP mode, will be studied. These modes are closely related with pattern of azimuthal
electric field around the transverse section of the nanowire.
2.2. Optical properties of materials
In this section, a brief discussion about the models used for the parameterization of the optical properties of
the materials used in this dissertation will be presented. For metals, the well known Lorentz/Drude will be
summarily derived in sec. 2.2.1 and respective parameters for silver and gold shown presented in sec. 2.2.2. In
sec. 2.2.3 a description of anodic nanoporous alumina will also be presented.
2.2.1. Lorentz/Drude model of optical dielectric function of metals
The Lorentz model assumes that when an electromagnetic field impinges a medium, the driven electrons are
forced to a displacement from their equilibrium position resulting in a separation of negatively-charged elec-
trons and positively-charged nuclei. This displacement of charges gives rise to a dipole moment. Considering
the case of fixed nuclei and the displacement of electrons described by the function r (t), the resulting dipole
moment has the form of p (t) = −er (t), where e is the elementary charge. For a driven electromagnetic field
with angular frequency ω, the electrons oscillates at the same frequency and can have several resonances,
usually in the ultraviolet to the near-infrared range of spectrum [8]. With these assumptions, the electrons
can be treated as damped harmonic oscillators, or bounded electrons, and their motions determined through
the differential equation
me
d2r
dt2
+meγ
dr
dt
+meω0r = −eE (2.22)
where me is the mass of the electron, γ is the damping rate and ωo the resonance frequency. The terms on
the left-hand side represents the forces acting on the electron due to the acceleration (left), damping (middle)
and restoring (right) while the right-hand side is the linear driving force. Using the ansätze r (t) = r0e−jωt
and E (t) = E0e−jωt in the differential equation, an expression for r0 can be obtained. Assuming that the
medium contains N molecules per unit of volume, the macroscopic polarization P has the form of
P = Np = (−eN) r0e−jωt = Ne
2
me
1
ω20 − ω2 − jγω
E (2.23)
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According equation (2.10), and considering several different resonance frequencies, the complex relative per-
mittivity of the Lorentz model is given by
ε (ω) = 1 +
∑
i
fiω
2
p
ω2i − ω2 − jγiω
(2.24)
where ωp = (Ne2/meε0)1/2 is the plasma frequency and the factor fi is the strength of the oscillator i.
It is known that in dielectrics the energy gap between the uppermost valence band and lowest conduction
band is usually of several electron volts. Because of this, photons with energy less than the energy gap can not
excite electrons from the valence band to the conduction band. Consequently, the dielectric behaves essentially
as a transparent media. In metals, however, the conduction band is partially filled and even for small energy
photons (like those in optical spectral region), the electrons can be excited into unoccupied states of the same
conduction band. This origins, according to Ohm’s law, to an electric current. Because of the small energy
necessary to gives rise an electric current, the electrons can be treated essentially as a free electron gas. This is
the assumption of the Drude model. The treatment is similar to the Lorentz model but without the restoring
force term. Therefore, ignoring this term in equation (2.24), gives
ε (ω) = 1− ω
2
p
ω (ω + jγ) (2.25)
which is the Drude model for free electron gas.
The combination of Lorentz and Drude models gives ε (ω) = εf (ω) + εb (ω) where εf (ω) is the Drude
contribution (equation (2.25)), which describes the intraband effects or free-electron effects, and εb (ω) is the
Lorentz contribution (without the constant term in right-hand side of equation (2.24)) which describes the
interband effects, or bound-electron effects [1].
In the case of small nanoparticles, as is the case of the metallic wires for this dissertation, the so-called
surface scattering correction to the permittivity function, also known as free path effect, has to be taken into
account, resulting in the so-called size-corrected permittivity function. In essence, the imaginary part εi (ω)
of the complex permittivity, which accounts for damping, becomes a function of the particle size when its
dimensions are similar to the bulk electron mean free path. In that case, electron scattering at the particle
boundary becomes a dominant effect, and the decrease of electron mean free path leads to an increase of
imaginary part of the complex permittivity. However, for particles in the 20 − 300nm range, which are the
focus the present dissertation, the permittivity is nearly unaffected [10]. Thereby, the free path effect will not
be considered.
2.2.2. Optical properties of silver and gold
The experimental data for the complex electric permittivity of silver (Ag) and gold (Au) can be fitted using the
Lorentz/Drude model. The Tab. 2.1 shows the respective bulk parameters for (a) silver and (b) gold extracted
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(a)
i fi γi (eV ) ωi (eV )
0 0.845 0.048
1 0.065 3.886 0.816
2 0.124 0.452 4.481
3 0.840 0.916 9.083
4 5.646 2.419 20.29
(b)
i fi Γi (eV ) ωi (eV )
0 0.760 0.053
1 0.024 0.241 0.415
2 0.071 0.870 2.969
3 0.601 2.494 4.304
4 4.384 2.214 13.32
Table 2.1.: Lorentz/Drude parameters for (a) silver and (b) gold. Parameters extracted from [1].
from [1]. The first row indicate the parameters for Drude contribution, with ωp being replaced by
√
f0ωp in
equation (2.25), whereas the four other lines are the parameters for Lorentz contribution via equation (2.24).
All values, except the strength factor fi, are in eV . The plasma frequency for silver and gold are, respectively,
9.01 eV and 9.03 eV . In Fig. 2.1 are shown the plots of complex permittivity of (a) silver and (b) gold. The
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Figure 2.1.: Complex relative permittivity ε of (a) silver and (b) gold by using parameters of (Tab. 2.1) in
equations (2.24) and (2.25). The blue and red lines indicate, respectively, the real and imaginary parts of
permittivity.
blue lines indicate the real part of the permittivity, whereas the red lines indicate the imaginary part. It can
be seen that in both metals the real part is always negative in the visible and near infrared range and decreases
with increasing wavelength. The imaginary part have a minimum at around 390nm for silver and 705nm for
gold.
2.2.3. Surface morphology and optical properties of anodic nanoporous alumina
membrane
A typical anodic nanoporous alumina (ANA) membrane is an amorphous aluminium oxide thin film of several
tens of µm of thickness, with a porous structure organized in a hexagonal matrix and vertically oriented
relative to the membrane surface. The porous structure is periodic and generally covers the entire surface
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the of membrane. The Fig. 2.2 shows a schematic representation of an ANA membrane. A parameter that
Figure 2.2.: Schematic representation of an anodic nanoporous alumina membrane. The quantities R and
D are, respectively, the radius of the pores and the distance between neighbor pores.
physically characterizes this kind of membranes is the porosity factor, or natural air fill-ratio, that can be
easily determined from the hexagonal geometry
P = 2pi√
3
( r
D
)2
(2.26)
where r is the radius of the pore and D the interpore distance. According to [11], the self-ordering mechanisms
that occurs during the synthesis of an ANA membrane require a porosity of around 10% (the 10% porosity
rule). In consequence, the ratio r/D in Equation (2.26) is a fixed value. In IFIMUP-IN labs, it is possible to
produce membranes with an interpore distanceD of about 60nm, 100nm and 500nm according the electrolyte
used in their production. Taking into account the porosity rule, the respective radius r of the pores are 10nm,
16nm and 84nm. In experimental section, more details about ANA membranes will be given.
The absence of any study to date of the optical properties of ANA membranes produced at IFIMUP-IN
labs, forces the use of its optical parameters based on external works. A search for other works reveals,
however, a non-consensual value for the index of refraction of ANA membranes, whose values vary between
1.5 and 1.75 in optical range [12–15]. This range of values is closely related to production conditions of ANA
membranes as well as its treatments in post production. Thus, a non-dispersive and lossless dielectric model
with a compromise value of 1.6 for index of refraction of alumina was employed in this dissertation.
2.3. MEEP
One of the most common computational tools used in classical electromagnetism is the finite difference time-
domain (FDTD) algorithm, which divides space and time into a regular grid and simulates the time evolution
of Maxwell’s equations [16]. Because Maxwell’s equations relate time dependent changes in the electric (mag-
netic) fields to spatial variations in the magnetic (electric) fields, FDTD algorithm implements an explicit
time-marching algorithm for solving Maxwell’s curl equations. There are other algorithms frequently imple-
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mented in computational electromagnetism, like Finite Element Method (FEM) or Boundary Element Method
(BEM). However, FDTD algorithm as becomes an extremely powerful technique for modeling nanostructures
with complex shapes as well as arrangements of multiple nanostructures. Modeling a new system is therefore
reduced to grid generation, instead of deriving geometry-specific equations. Among the advantages of FDTD,
are the followings: FDTD has the advantages of simplicity, generality, and robustness; it is straightforward
to implement the full time-dependent Maxwell’s equations for nearly arbitrary materials including nonlin-
ear, anisotropic, dispersive, and time-varying materials; FDTD algorithm allows the direct calculation of the
spectral response of the simulated system, that is, using a source that emits an electromagnetic pulse with suf-
ficiently large bandwidth, it is possible to obtain the entire frequency spectrum of responses, as the reflectance,
transmittance and/or absorbance, performing one single simulation; the time-marching nature of the FDTD
algorithm enables direct observations to be made of both near and far-field values of the electromagnetic fields
at any time during the simulation; and the algorithm is easily parallelizable to run on clusters or supercom-
puters. In contrast, the discretization of the FDTD spatial domain, typically a square one, makes difficult a
correct spacial modeling of the structures, especially those that contains curved surfaces. This difficulty gives
rise to the so-called staircase, or aliasing, effect. Also, the uniform spatial discretization grid may lead to the
need for extensive computational resources, as also a long processing time [16].
A free and open-source implementation of the FDTD algorithm can be seen in MEEP, an acronym for MIT
Electromagnetic Equation Propagation. The MEEP package, a full-featured tool, was developed by a team
from Massachusetts Institute of Technology (MIT) and released firstly in 2006. Currently is under active devel-
opment. Among the features, there are: arbitrary anisotropic electric permittivity ε and magnetic permeability
µ, along with dispersive ε (ω) and µ (ω) (including loss/gain) and nonlinear (Kerr & Pockels) dielectric and
magnetic materials, and electric/magnetic conductivities σ; a variety of boundary conditions such as perfectly
matched layers (PML) absorbing boundaries, perfect conductor boundaries and Bloch-periodic boundaries; the
exploitation of symmetries of the computational model to reduce the computation size; distributed-memory
parallelism; Cartesian (1D/2D/3D) and cylindrical coordinates and; flexible output and field computations.
Also, it includes unusual features, such as advanced signal processing to analyze resonant modes, accurate sub-
pixel averaging, a frequency-domain solver that exploits time-domain code and complete scriptability [17, 18].
The maturity, flexibility, the fact that is free and open source, and to enhance knowledge in the tool, led to
the choice of MEEP as the tool for computational simulations for this dissertation.
All computational simulations, whose results are presented in this dissertation, were performed using MEEP
version 1.2.1 controlled via Python-meep version 1.4.2, a wrapper that allows to script MEEP simulations
with Python. The choice of Python scripts, instead of MEEP native script language, was due primarily to
two facts: the familiarity of the author of this dissertation with the Python language and; the high flexibility
and control over the tasks of pre- and post-simulation. The lack of detailed manuals of both MEEP as the
Python-meep wrapper led, however, to a considerable effort to develop the Python script which, in its final
version, has about 2000 lines of code. The developed script is available in the digital support that accompanies
this dissertation.
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The Fig. 2.3 shows a flow diagram that represents the generic tasks performed by the written Python script.
Figure 2.3.: Scheme of computational simulations used in this work
All simulations begin with a step which prepares the simulation environment. At this stage, tasks such
as obtaining the simulation parameters and preparation of the files for data record, are performed. In the
following step, the computational domain, or grid, is created and some of its properties like size, resolution
and type of boundaries are defined. If the simulation is used to calculate optical properties of a structure,
like the reflectance and/or the transmittance, the same simulation needs to be performed twice: the first one,
called normalization run, with only the excitation wave and no scattering structure, and the second one, the
ordinary run, with both the excitation wave and the scattering structure. The reason for this double simulation
will be explained ahead. If in ordinary run, the following step consists in modeling the structure, within the
computational grid, the structure to be studied. The construction of the structures is made point-by-point and
for each grid point in the computational grid, one defines its electric and magnetic properties, through relative
dielectric permittivity and/or relative magnetic permeability. As already mentioned, metals are modelled
through Drude/Lorentz model for metals. In the following step, the electromagnetic wave source, responsible
for the excitation of the structure, is added. Two kinds of sources can be used, a continuous-wave emission
source and a pulse emission source. The first one is used when the distribution of the electromagnetic fields is
needed whereas the second one is used for the calculations of the optical properties. As the last step before the
one that performs time evolution of the fields, the flux planes used for power spectrum calculations are added
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to the computational domain. In the next step, MEEP performs its principal task: evolve electromagnetic
fields by a predefined time. Meanwhile, if needed, the distribution of fields may be saved to into the hard disk,
for posterior analysis. As the last step, a Fast Fourier Transform may be performed over the fields that passed
through the flux planes and the results used to calculate the power spectra which is a direct measurement of
the optical properties of the structure.
As already stated before, the FDTD algorithm has the ability of compute the spectra from some finite
structure in an efficient way, by using a broad-band electromagnetic pulse. In all simulations performed where
the calculation of spectra was needed, a short electromagnetic pulse with a central wavelength of 500nm and
modulated by a Gaussian profile with a full width at half maximum (FWHM) of about 1 fs, was used. In
Fig. 2.4a the blue line shows the time evolution of the amplitude of the electric field of a pulse with the above
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Figure 2.4.: In (a) the temporal profile of the pulse wave: the green line represents a pulse with a central
wavelength of 500nm and modulated by a Gaussian profile (dotted line) with a FWHM of 1 fs whereas the
blue line represents its time derivative, which is the profile that MEEP employs. In (b) the power spectrum
of the pulse wave emitted by MEEP, based on above parameters.
parameters. MEEP, however, employes a different profile for the emitted pulse, based on the time derivative
of the pulse referred above, as it can be seen by the blue line in Fig. 2.4a [19]. In Fig. 2.4b is shown the
power spectrum of the pulse wave emitted by MEEP and based on above parameters. These parameters for
the pulse ensures that its power spectrum covers the NUV-NIR spectral range, the range of interest for this
dissertation.
In simulations where the calculation of the reflection spectrum is needed, a problem arises. In general,
the flux plane that is used to calculate the reflection spectrum of a structure is between the source and the
structure itself (see Fig. 3.11c). This implies that the electromagnetic waves that passes through that plane
includes the contribution from the waves reflected by the structure, as well as waves coming directly from the
source. Thus, this mix of waves prevents a direct calculation of the reflection spectrum. To overcome this
problem, it is necessary to perform a pre-simulation where the structure is not included. In this way it is
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possible to calculate the Fourier transform of the waves that come from the source without the interference of
the reflected waves. Those results are then subtracted to the Fourier transforms of the mixed waves that pass
through the flux plane in an ordinary simulation allowing, thereby, the calculation of the reflection spectrum
without the interference of the source waves. This is why two simulations are needed.
One of the major problems of the MEEP is that, in general, it takes longer time to calculate the spectra than
the time it takes to propagate the electromagnetic fields, especially demanding simulations. Thereby, in order
to reduce the time spent by each simulation, it was included in the Python script a module that is responsible
for the calculation of the spectra. This module, constituted one of the greatest efforts in the development of
the Python script and allowed a reduction of about 40% in simulation time. Although slightly different from
the MEEP implementation, this Python module calculates the power spectra P (ω) that passes through a flux
plane with area S and normal vector n using the following equation
P (ω) = <
{
n ·
ˆ
S
F
(
E (r)−E(0) (r)
)∗
×F
(
H (r)−H(0) (r)
)
ds
}
(2.27)
where E and H are the electric and magnetic fields, measured in the surface of the flux plane, and E(0)
and H(0) the electric and magnetic fields measured in the same flux plane but obtained in pre-simulation.
F represents the Fast-Fourier. However power spectra itself is not a very relevant quantity. A much more
relevant quantity is the normalized power spectra that is obtained by dividing P (ω) by the power spectra of
the source.
For this dissertation, all the computational simulations were performed in a machine with an Intel(R)
Core(TM) i7-4930k CPU @ 3.40GHz and 64GB of RAM, gently provided by INESC-UOSE.
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In this chapter, all the results obtained from computational simulations performed in MEEP will be presented.
In sec. 3.1 the dispersion relations curves of surface plasmon-polaritons in metallic cylindrical nanowires will
be shown, as well as comparison with MEEP results. In sec. 3.2, the relation between scattering cross-section
spectra of single metallic nanowires with their radius as well as the index of refraction of its surrounding
medium, is presented. In sec. 3.3 is shown the optical properties of anodic nanoporous alumina membranes
with metallic nanowires embedded in their pores is shown. Finally, a way of using the ANA membranes with
embedded metallic nanowires as sensors of index of refraction is presented in sec. 3.4.
3.1. Dispersion relations of surface plasmon-polaritons in metallic
cylindrical nanowires
Before presenting the results of optical properties of metallic nanowires embedded in anodic nanoporous
alumina membranes, the principal object of interests of this dissertation, a study of modes of propagation of
surface plasmon-polaritons in a single metallic cylindrical nanowire will be firstly presented. The main reason
is due to the fact that this study will help in the interpretation of some results in later sections of this chapter.
To obtain the dispersion curves of surface plasmon-polaritons at the surface of infinite-long metallic cylin-
drical nanowires, ones needs to solve the transcendental equation (2.21) using numerical methods. Thereby,
a script written in Python was developed to find the roots of the equations for a combination of values of
vacuum wavelength λ0 = 2pic/ω, mode number m, radius R of nanowire and index of refraction no = <
{
ε
1/2
0
}
of the surrounding medium. The developed script implements an algorithm that uses an iterative process to
find the best value of longitudinal momenta β of the SPP for each combination of the mentioned variables.
The full Python script can be found in App.A, sec. A.1.
For comparison, MEEP simulations in a single metallic nanowire were also performed. The Fig. 3.1 shows
a sectional view of the 3D computational model used in MEEP. The model is constituted by a metallic
wire with radius R and an aspect ratio of 10 (diameter to length ratio) surrounded by a non-dispersive and
lossless dielectric medium with refractive index no. To avoid any reflections of the fields at the edges of the
computational box, PMLs with thickness of 56nm were also included in all directions, being the distance
between PMLs and the wire of 2R. The value used for the grid resolution depends on the chosen value of R:
for 32nm or less values, the resolution was 2nm; otherwise, the resolution was 4nm. For this section, the
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Figure 3.1.: Sectional view of the 3D computational model used in the study of the surface plasmon-polaritons
in a metallic nanowire with radius R and length L immersed in a medium with index of refraction of no.
The red region indicates the PML that surrounds the computational box, the blue region the nanowire itself
and the green point the dipole wave source.
time spent by the simulations in MEEP was equivalent to ensure the propagation of the fields by 20 fs. For
this kind of simulations, the source of the electromagnetic field was placed just above the front end of the wire.
Finally, as both ends of the wire can acts as a resonator for the excited SPP modes, a semi-infinite model was
employed [20, 21]. This was achieved by extending back end of the wire to the inside of the PML (see right
part of Fig. 3.1). Thus, any surface wave which propagates along the wire and reaches its end is absorbed
by the PML, thereby preventing any reflections at the end tip of the nanowire and subsequent interferences
with incoming surface waves. This allows a better interpretation of the pattern of the surface wave. After the
excitation of a SPP on the wire, the extraction of the respective wavelengths is made analyzing the electric
field pattern at the longitudinal surface of the nanowire.
For a finite length wire, local symmetry-breaking at the wire tip is sufficient to allow the SPPs to be excited
by incident light via mode matching [22]. However, generally, this can give rise to a simultaneous excitation
of different SPPs modes, which can lead to difficult identification of a specific mode. But, and according the
works of Sun [7], Li [23] and Zhang [22], a selective excitation of a SPP mode of propagating can be achieved if
a particular source oriented in a particular manner is used. The excitation of SPP mode m = 0, the monopole
mode, can be achieved if a dipole point source oriented along the longitudinal axis of the wire is used, i. e.,
with polarization of the source wave parallel to the main axis of the wire. In contrast, the excitation of SPP
mode m = 1, the dipole mode, is achieved if a dipole point source oriented transversely to the longitudinal axis
of the wire is used, that is, with respective polarization transverse to the main axis of the wire. These kind of
sources aren’t, however, the only sources that can be used. What is necessary for the selective excitation of
SPP modes is ensure a particular orientation of the polarization of the source wave relative to the axis of the
wire. According [22], SPP modes 0 and 1 are also labeled as TM0 and TE1 modes, respectively.
Before presenting the dispersion curves and how they relate with the radius of the wires and index of
refraction of the surrounding medium, a description of the SPP modes 0 and 1 will be firstly presented.
It’s not intended to give here a full detail of the modes like propagation lengths or field confinements. A
more detailed analysis can be found in [7, 23–25]. As an example, a silver nanowire with 84nm of radius and
immersed in vacuum (n0 = 1) is considered. For this value of radius, the computational grid volume has about
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12 million points and takes about 1h to simulate the propagation of the fields. The Fig. 3.2 and Fig. 3.3 shows
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Figure 3.2.: Electric field E pattern of the SPP mode 0 with wavelength λSPP ≈ 504nm, formed at the
surface of a silver nanowire with 84nm of radius, immersed in vacuum, and excited by a dipole point
source with wavelength λ0 = 600 nm. In (a)-(d), the longitudinal distributions of the: components Ey,
component Ez, the density of electric charges ρ and the intensity |E| of the electric field are shown. In
(e)-(g) the transverse distributions of the: component Ex, component Ey and intensity |E| of the electric
field at position marked as white vertical line in (b). In (h) is shown the charge density distribution at same
transverse position.
the electric field E patterns for SPP modes 0 and 1, respectively, for the considered wire. For monopolar
mode, a dipole point source placed at frontal tip of the wire and oriented along Z direction was used. In
Fig. 3.2, the figs.(a)-(d) shows the longitudinal distribution of components Ey and Ez, the density of electric
charges ρ (obtained through ρ ∝∇ ·E), and electric field intensity |E|, respectively. These distributions show
a picture of the SPP along the wire, after its propagation (from left to right) by 20 fs. In figs.(e)-(h), the
transverse distributions of, respectively, Ex, Ey, |E| and density of electric charge ρT , at position marked as
white line in fig.(d), are also shown. For a source wavelength of λ0 = 600nm (the source can be identified as a
bright spot in the left region of figs.(a)-(d)), and after the analysis of longitudinal distributions of the electric
field (e.g., fig.(b)), results in a SPP mode 0 with a wavelength of λSPP ≈ 504nm. A particular distinction
of this mode can be seen in figs.(g) and (h) where both the field intensity and density of charge distributions
have azimuthal invariance. This is equivalent to stating that the mode has monopole like distribution. These
transverse distributions arise from the fact that the fields emitted by the source have also azimuthal invariance
along the plane XY . In Fig. 3.3, the distributions of the fields are as those referred for Fig. 3.2. However,
for mode 1, a dipole point source oriented along Y direction, i.e., oriented along transverse direction of the
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Figure 3.3.: Electric field E pattern of the SPP mode 1 with wavelength λSPP ≈ 460nm, formed at the
surface of a silver nanowire with 84nm of radius, immersed in vacuum, and excited by a dipole point
source with wavelength λ0 = 500 nm. In (a)-(d), the longitudinal distributions of the: components Ey,
component Ez, the density of electric charges ρ and the intensity |E| of the electric field are shown. In
(e)-(g) the transverse distributions of the: component Ex, component Ey and intensity |E| of the electric
field at position marked as white vertical line in (b). In (h) is shown the charge density distribution at same
transverse position.
nanowire, was used. In this case, a source wavelength of λ0 = 500nm results in a SPP mode 1 with a
wavelength of λSPP ≈ 460nm. The change of orientation of the source results in a significant change in the
distribution of fields in the surface of the wire, as it can be seen in figs (e)-(f), where the field intensity now
presented two lobes oriented in the same direction of the source, and the charge density distribution can be
interpreted as a dipole like distribution. Because of this particular distribution, the mode 1 is labeled as dipole
mode.
As referred in sec. 2.2.3, the nominal radius of the pores of anodic nanoporous alumina membranes are 10nm,
16nm and 84nm, according the conditions of their production. Thereby, the study of dispersion curves of
SPPs is limited to those values. The Fig. 3.4 show the results for silver wires immersed in several surrounding
media, with the radius referred above. The colored solid lines represents the results obtained by solving the
dispersion equation (2.21), whereas colored circular markers represent the results obtained by MEEP. As it
can be seen, all the dispersion curves are to the right of the light line (λSPP = λ0/no), i.e., the wavelengths of
the excited SPPs λSPP are always smaller than the wavelength of the source wave λ0. For the case of mode 0
(left column of Fig. 3.4), there is no cut-off radius, i.e., there is no minimum radius at which it is no longer to
excite the mode. This can be seen by the fact that the dispersion curves never reach the light line. Also, for
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Figure 3.4.: Dependence of the dispersion curves of surface plasmon-polaritons of a single silver nanowire
with its radius: (a) and (b) in vacuum; (c) and (d) in water (no = 1.33) and; (e) and (f) in alumina
(no = 1.6). The left column represents dispersion curves for mode 0 (TM0) whereas the right column for
mode 1 (TE1). The colored solid lines represents the results obtained by solving (2.21) and colored circular
markers the results obtained by MEEP.
any fixed source wavelength λ0, the excited SPP wavelength λSPP red shifts with the increase of the radius
of the nanowire. For example, in a silver nanowire in vacuum excited by a source with λ0 = 700nm, changing
from R = 10nm to R = 84nm, λSPP increases from 226nm to 612nm. Another feature observed in Fig. 3.4,
is that, according equation (2.21), for any given mode m, radius R and for small enough λ0, all the dispersion
curves approach to the asymptotic limit where <{εi} = −ε0 = −n20. For the used silver model (see sec. 2.2.2),
this limit occurs at λ0 = 344nm in vacuum, λ0 = 362nm in water and λ0 = 381nm in amorphous alumina.
For the mode 1 (right column of Fig. 3.4), however, the dispersion curves show a cut-off, in particular, for
small values of radius. Also, for the cases of R = 10nm and R = 16nm, the curves are near the asymptotic
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limit. This fact, together with a strong optical response of the small radius wires near the asymptotic limit,
as it will be shown in sec. 3.2, prevents a correct analysis of the surface field patterns and, in consequence, the
extraction of the excited SPP wavelength. This is why MEEP results for mode 1 in wires with R = 10nm
and R = 16nm are not shown. Finally, for some source wavelengths, MEEP results diverges slightly from
the theoretical dispersion curves. The explanation of those shifts arises essentially from two factors: 1) The
theoretical curves are for infinite-long metallic wires, which is not the case in MEEP simulations, that employ
a semi-finite nanowire; 2) Due to the aliasing effect, MEEP can’t model perfectly circular structures. However,
as expected, higher resolutions produces better results.
In Fig. 3.5 the dispersion curves for gold nanowires immersed in different surrounding media are also pre-
sented for reference. The general behavior of the curves is similar to the silver ones. However, for gold, the
asymptotic limits are different: λ0 = 441nm in vacuum, λ0 = 473nm in water and λ0 = 494nm in alumina.
In conclusion, the excellent agreement between the results of MEEP and theoretical curves serves as a tool
to easily identify a surface wave as a SPP. However, the theoretical curves presented in this section are for
lossless metals because this consideration greatly simplifies the numerical calculations. According ref.[25],
the addition of losses has the effect of shift the cut-off position to longer wavelengths. In consequence, and
especially in nanowires with small radius, the formation of dipole-like SPPs is possible in wavelengths longer
than the limits referred in the right column of Fig. 3.4 and Fig. 3.5. Although the dispersion curves of mode
0 have been presented, only mode 1 is relevant to this dissertation. The reason arises from the fact that in
this dissertation only normal incidence of source plane waves on anodic alumina membranes with embedded
metallic wires are considered. Therefore, the respective polarization direction is transverse to the longitudinal
axis of the wires, which results in the preferential excitation of mode 1. Other modes can also be excited,
like quadrupole mode (m = 2) or octupole mode (m = 3). However, to excite theses modes a specific source
is needed, i.e., in addition to the direction of polarization, a control over the phase of the source wave, in
particular, in the region over the frontal tip of the wire, is also needed [22].
3.2. Scattering cross-section of a single metallic cylindrical nanowire
In the study of scattering spectra is possible to analyze the electromagnetic behavior of a nanoparticle. In
particular, the scattering cross-section, a hypothetical area which describes the likelihood of electromagnetic
wave being scattered by a nanoparticle, the scatterer center, measures the strength of the interaction between
the scattered wave and the scatterer center. In this section, the computational results of the scattering cross-
section of a metallic nanowire will be presented as its dependence with the radius of the nanowire as also the
index of refraction of the surrounding medium.
The Fig. 3.6 shows a sectional view of the 3D computational model used in the study of scattering cross-
section spectra. It is constituted by a metallic nanowire with radius R and length L, immersed in a medium
with index of refraction no. The nanowire is excited by a pulse plane electromagnetic wave linearly polarized,
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Figure 3.5.: Dependence of the dispersion curves of surface plasmon-polaritons of a single gold nanowire with
its radius: top line in vacuum; middle line in water (no = 1.33) and; bottom line in amorphous alumina
(no = 1.6). The left column represents dispersion curves for mode 0 (TM0) whereas the right column for
mode 1 (TE1). The colored solid lines represents the results obtained by solving (2.21) and colored circular
markers the results obtained by MEEP.
as described in sec. 2.3, that propagates along the longitudinal direction of the nanowire. The wave source is
placed at a distance of 3R from the tip of the nanowire, and the emitted wave reaches the nanowire at its front
end. Again, to avoid any reflections of the scattered waves at the edges of the computational box, a PML
with 56nm of thickness is used, being the distance between PML and the nanowire of 4R in all directions. To
quantify the scattered electromagnetic waves, a box, that surrounds the nanowire at a distance of 2R, is used
to gather waves which pass through of its faces. The gathered waves allow the calculation of the scattered
power spectra via Fourier analysis. The product of the normalized scattered power spectra with the flux
box front area (6R)2, gives the scattering cross-section spectrum σsca [26]. Also, as explained in sec. 2.1, to
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Figure 3.6.: Slice view of the 3D computational model used in the study of scattering cross-section σsca
spectra of a metallic nanowire with radius R and length L immersed in a medium with index of refraction of
no. The red region indicates the PML that surrounds the computational box, the blue region the nanowire
itself, the green line the electromagnetic wave source and the dotted line the flux box.
avoid Fabry-Perot interference phenomena, a semi-infinite model to the nanowire is employed [20]. However,
this change affects quantitatively the scattering spectra results, as will be explained later. As mentioned
in sec. 2.2.3, the nanowires embedded in the pores of an anodic nanoporous membrane are aligned normally
to the surface of the membrane. For a normal incidence of an electromagnetic wave on the surface of the
membrane, the wave hits the nanowires on their front end and propagates along their longitudinal direction,
i.e, the polarization of the wave is transverse to the longitudinal direction of the nanowires. This explains the
chosen polarization and propagation directions referred above for the source wave.
The Fig. 3.7 shows the result of the scattering cross-section σsca for silver nanowires with 10, 16, 20, 24, 28,
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Figure 3.7.: In (a) the dependence of the scattering cross-section spectra σsca of a silver nanowire in vacuum
with its radius; in (b) the peak position versus the radius of the nanowire. The red line shows the linear
regression of the results.
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64 and 84nm of radius, with length of L = 800nm. In Tab. 3.1 some information about the simulations, as
R (nm) 10 16 20 24 28 64 84
Resolution (nm) 2 4
# grid points (M) 5.5 9.2 12.3 15.8 19.7 10.5 17.7
Duration of simulation (h) 2.4 4.0 5.3 7.0 9.0 2.6 4.4
Ag λLSPP (nm) 353 359 365 370 375 442 467
Au λLSPP (nm) 519 512 511 509 - 551 -
Table 3.1.: Radius of the nanowires used in the calculations of the scattering cross-section σsca shown
in Fig. 3.7 and Fig. 3.9. Also, some information about respective simulations, as the resolution of the
computational grid, the total number of the grid points, as also the time needed to simulate the propagation
of the electromagnetic waves by 50 fs. The last two line shows the resonant wavelength of the localized
transverse surface plasmon-polariton in silver and gold nanowires, respectively, for each value of radius R.
the number of grid points in computational box, in millions of points, as the time required for each simulation
to propagate the fields by 50 fs, in hours. The remarkable peaks that are observed in Fig. 3.7a are attributed
to a resonant excitation of a transverse localized surface plasmon-polariton (LSPP).[27] This excitation is
responsible for the scattering of radiation, in particular, in directions transverse to the nanowire longitudinal
axis. The word “transverse” arises by the fact that the source wave is polarized along transverse direction to
the nanowire and, in consequence, forces the electric charges to oscillates in same direction. As the nanowire
is transversely limited in size, the electrons oscillates in a size-limited (or localized) volume, hence the word
“localized”. In Tab. 3.1 are also shown the values of the resonant wavelength of the transverse LSPP for the
radius mentioned above. It’s clear that the resonant wavelength red shifts with the increase of the radius of
the nanowire. As an example, the λLSPP goes from 353nm, for nanowires with 10nm of radius, to 465nm,
for nanowires with 84nm of radius, a shift of 112nm. As there is actually more metal with the increase of
the radius, this shift is followed by an increase in the peak maximum. In same way, the increase of the radius
broadens the peak width, which means that, for bigger radius, the range of wavelengths that is particularly
well scattered by the nanowire is larger. Finally, as it can be seen in Fig. 3.7b, the relation between the peak
position and the radius of the nanowires is approximately linear. A linear regression of the results gives a
proportionality factor of about 1.63.
As referred in sec. 3.2, a difficulty arose in the analysis of the dipole like surface plasmon-polaritons (mode 1)
formed at longitudinal surfaces of silver nanowires with small radius. This difficulty was due to two reasons, as
will be explained now. A comparison between Fig. 3.4(top right figure) and Fig. 3.7b shows that the resonant
wavelength of the LSPP for silver nanowires with radius of 10nm or 16nm are near the asymptotic limit of the
respective dispersion curves. For an excitation around the resonant condition, the source wave is essentially
dispersed laterally by the nanowires rather than giving rise to a SPP formed at its longitudinal surface. Also,
under these conditions, a large ohmic losses occurs in the nanowires.
It was shown that the LSPP wavelengths λLSPP depends on the radius of the silver nanowires. Its dependence
on the index of refraction n0 of the surrounding medium will now be presented. In Fig. 3.8 is shown the
dependence of the scattering cross-section of a silver nanowire with 16nm of radius for several surrounding
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Figure 3.8.: In (a) the dependence of scattering cross-section of a silver nanowire with 16nm of radius with
the index of refraction no of the surrounding medium. In (b) the relation between the resonant wavelength,
or peak maxima, with no. The red line shows the linear regression of the results, with a proportionality
factor of about 114nm.
medium: vacuum (n0 = 1.0); water (n0 = 1.33) and amorphous alumina (n0 = 1.6). As it can be seen in
Fig. 3.8a, the position of the maximum of each curve shifts to the red with the increasing of the refractive
index, going from λLSPP = 359nm in vacuum to λLSPP = 428nm in amorphous alumina, a shift of 69nm
for a variation of 0.6 in no. In Fig. 3.8b can be also seen that the peak position varies almost linearly with the
refractive index no. A linear regression of the results gives a a slope 114nm per refractive index unit (RIU).
The shift is intimately connected to the complex permittivity of the metal. More specifically, the amplitude
of the shift is related to the slope of the real part of the complex permittivity in optical range [27].
The results for σsca are, however, affected quantitatively by some parameters: the distance between the
PML, the thickness of PML and the length L of the nanowire. The first one affects slightly the results because
an electromagnetic coupling between PML and the nanowire may occur. The second one affects the results
only subtly as the electromagnetic waves that reach the PML are not fully absorbed. In consequence, a small
percentage of the waves are reflected which increases the value of σsca. The third one moderately affects
the results. According Fig. 3.6, a longer nanowire implies a longer flux box which results in a increase of the
σsca because a larger amount of the fields is gathered by the longitudinal sides of the flux box. However, in
simulations that employe a semi-infinite model, to simulate a large aspect-ratio nanowires and/or to avoid
Fabry-Perot phenomena, the back face of the flux box is ignored which implies that the electromagnetic
waves that passes through that face are not considered in the calculation of the scattering cross-section. In
consequence, a lower value for σsca is obtained. Finally, the resolution of the computational box affects
qualitatively the results. An increase in resolution reduces the aliasing effects which causes a small blue shift
in the peak wavelength. Thus, the values for the four parameters mentioned above have been chosen as a
compromise between the time required to execute a simulation and the quality of the results.
According Fig. 2.1, the real part of the complex permittivity of the gold is slightly deviated to the red
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relatively to the same curve of the silver. In consequence, the resonant plasmonic response of gold occurs
at wavelengths greater than those of silver. Also, a higher imaginary part of complex permittivity results in
broader and less expressive peaks [27]. In Fig. 3.9 is shown the dependence of scattering cross-section of gold
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Figure 3.9.: In (a) the dependence of the scattering cross-section spectra σsca of a gold nanowire in vacuum
with its radius; in (b) the peak position versus the radius of the nanowire.
nanowires in vacuum with their radius. As shown in Fig. 3.10a, the resonant peaks are shifted to the red,
are wider and less expressive, as compared to those of the silver, and occurs in the 500 − 600nm range. In
Tab. 3.1 are also the wavelengths of the resonant excitation of the transverse LSPP for gold nanowires with
radius of 10, 16, 20, 24 and 64. However, an erratic behavior of the peak wavelength occurs at lower values of
the radius, as can be seen in Fig. 3.5, which may be explained by the following fact: as the peaks are not very
expressive relatively to the rest of the curves, the aliasing effect may mask their real wavelength. In contrast,
the very strong response of the LSPP in silver nanowires hidden the aliasing effects. The dependence of the
resonant wavelength with the refractive index no of the surrounding medium for gold nanowires with 16nm of
radius is also shown in Fig. 3.10. The same behavior as the silver nanowires is observed. A change of n0 from
1.0 (vacuum) to 1.6 (amorphous alumina) results in a shift of the resonant wavelength λLSPP from 512nm
to 571nm, a change of 59nm. A linear regression of the results gives a proportionality factor of about 98nm
per RIU. This shift is smaller than the one for silver nanowires and the difference is explained by the fact that
the slope of the real part of the complex permittivity of gold is smaller than that of the silver in the optical
range. Thus, a higher slope produces larger shifts in resonant wavelengths for the same variation of refractive
index. The computational results for gold nanowires were obtained under the same conditions as for silver
nanowires with only the change of the type of metal.
As a final remark of this section, metallic nanowires of silver and gold exhibit a plasmonic response as a
result of excitation of a transverse localized surface plasmon-polariton. The resonant wavelength not only
depends on the radius of the nanowires as well as, in particular, on the refractive index of the surrounding
medium. For the same conditions, i.e., same radius of nanowire and same variation of refractive index of its
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Figure 3.10.: In (a) the dependence of scattering cross-section of a gold nanowire with 16nm of radius with
the index of refraction no of the surrounding medium. In (b) the relation between the resonant wavelength,
or peak maxima, with no. The red line shows the linear regression of the results, with a proportionality
factor of about 98nm.
surrounding medium, the change in the resonant wavelength is greater for silver nanowires. In contrast, the
peaks are broader and less expressive in the case of gold nanowires. In this view, silver seems to be a better
metal for applications such as refractive index sensors.
3.3. Optical properties of anodic nanoporous alumina with embedded
metallic nanowires
As one the main objectives of this dissertation, this section will present the computational results of the optical
properties, namely, the reflectance, transmittance and absorbance of anodic nanoporous alumina membranes
with metallic nanowires embedded in its pores, and how these properties behave with the variation of the
radius and the distance between neighbor pores.
The generic computational model used for this section is presented in Fig. 3.11. In Fig. 3.11a it is shown
a 3D perspective of an ANA membrane with metallic nanowires embedded in its pores. As this structure is
periodic in the directions X and Y , the computational model can be reduced into a single unitary cell by using
Bloch-periodic boundary conditions in the same directions. The unitary cell is marked as a rectangle at the
top of the membrane and its sectional view, in the membrane region, is detailed in Fig. 3.11b. A hexagonal
array of nanowires can be computationally represented if the unitary cell has a width D, height
√
3D and an
arrangement of the two nanowires as shown in Fig. 3.11b, where D is distance between neighbor nanowires
and termed as the lattice parameter of the structure. This is not, however, the only possible unitary cell that
can represent the structure. Also, as MEEP employs rectangular spatial domains, this implies that unitary
cell also need to be rectangular. In Fig. 3.11c it is shown a longitudinal view of the unitary cell. The ANA
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Figure 3.11.: Schematic representation of the generic computational 3D model of an anodic nanoporous
alumina membrane with metallic nanowires embedded in its pores. In (a), a 3D perspective of the membrane
as also the representation of the chosen unitary cell. In (b), a front view of the unitary cell in the region
of the membrane. In (c), a longitudinal view of the unitary cell. This representation is in correct scale and
represents a membrane with a thickness of 100nm and a porosity of 10%, according equation (2.26).
membrane, with a thickness t, is placed in the middle of the unitary cell. The electromagnetic excitation of
the membrane is granted by a source, placed at a distance of 300nm from the front face of the membrane,
that emits a plane wave in Z direction and linearly polarized in Y direction. Also, to prevent any reflection
of the electromagnetic waves at the cell boundaries along the Z direction, a PML with a thickness of 100nm
is included in both ends of the unitary cell, being the distance between each PML and the nearest face of
the membrane of 400nm. The study of optical response is made by using flux planes placed at a distance
of 200nm from each face of the membrane, as it can be seen by blue vertical lines in Fig. 3.11c. The use
of an unitary cell, as mentioned above, implies that the simulated structure is infinitely large in transverse
directions. A typical membrane produced in IFIMUP laboratories has about 1 cm in diameter, which is much
larger than the typical diameter of its pores as well as the distance between them thus making this assumption
is reasonable. This infinite structure assumption implies also that the flux planes are also infinite in size.
Consequently, all transmitted and reflected waves pass through them, even those that are reemitted by the
simulated structure at grazing angles. This may not represent a real case, since the effective area of the probes
used to capture radiation in a typical optical measuring system is finite. Thus, computational results are
expected to be quantitatively much higher than the experimental ones. It is considered henceforth that when
a reference to an ANA membrane is made is referring to a membrane with silver nanowires embedded in its
pores.
To isolate the effects of the thickness t in spectra, the results for semi-infinitely thick membranes are firstly
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presented. The simulation of a semi-infinite ANA membrane is achieved by extending its rear face (the right
one in Fig. 3.11c), as also the back tip of the nanowires, into the nearest PML. Thus, for theses cases, the
transmittance is ignored and the reflectance turns into reflectivity. In Fig. 3.12 it is shown the dependence of
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Figure 3.12.: Reflectivity of silver nanowires embedded in a semi-infinite ANA membrane with lattice pa-
rameter of 60nm. The curves shows the dependency of the reflectivity with the radius of the pores.
the normalized reflectivity a semi-infinite ANA membrane with the radius of its pores, for a lattice parameter
of 60nm. The chosen values for the radius of the pores, namely, 10, 14 and 17nm, are equivalent to a
porosity of about 10, 20 e 30%, respectively, according equation (2.26). Each simulation was performed on
a computational grid with a resolution of 1nm and about 6.2 million points and took about 5.5 hours to
complete. As it can be seen, this type of membranes has a strong reflectivity in 350 − 500nm range. As
observed in last section, this strong response is due to a resonant excitation of transverse localized surface
plasmon-polaritons in the silver nanowires. According sec. 2.1, and taking into account that the source wave
is polarized along the direction transverse to the longitudinal axis of the nanowires, these excited SPP have a
dipole like shape. Also, two peaks can be observed in all curves, one at around 400nm and another at around
440nm. The first one is located at 402, 408 and 409nm wheres as the second one is located at 440, 443 and
445nm for radius of 10, 14 and 17nm, respectively. The origin of these peaks is attributed to the resonant
excitation of a LSPP but with the following differences: the shorter wavelength peaks (SWP), the same as
those observed in single nanowires., are due to an excitation of a bulk plasmon in the tip of the nanowires,
whereas the longer wavelength peaks (LWP) are due to the excitation of plasmon in the front face of the
nanowires. In sec. 3.4 will be shown the differences between the two peaks of the electric field around the
tip of the nanowires. The latter peaks are unlikely to occur in real conditions, since it is difficult to obtain
experimentally nanowires with a flat front surface. The relative amplitude of the peaks varies also according
the radius of the nanowires. For radius of 10 and 14nm, the SWP are stronger than LWP. The opposite
behavior is observed for the case of radius of 17nm. As the porosity increases with the radius, the effective
amount of metal also increases and, in consequence, the curves shift upward with the increase of the porosity.
The small variation of the wavelength of the peaks with the increase of the radius of the nanowires indicates
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that the electromagnetic coupling between them, and for a distance of 60nm, if any, is not very significant.
This behavior is in accordance with what is referred in [10, 28, 29].
In Fig. 3.13 it is presented the normalized reflectivity for ANA membranes with lattice parameter of 100nm.
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Figure 3.13.: Reflectivity of silver nanowires embedded in a semi-infinite ANA membrane with lattice pa-
rameter of 100nm. The curves shows the dependency of the reflectivity with the radius of the nanowires.
Each simulation was performed on a computational grid with a resolution of 2nm and about 2.3 million points
and took about 1.1 hours to complete. The chosen values for the radius of the nanowires were those whose
porosity of the ANA membrane is close to 10, 20 and 30%, according the resolution used for the computational
grid. The general behavior of the reflectivity is similar to that of ANA membranes with lattice parameter of
60nm, except that all the equivalent peaks undergo a shift to the red of about 8nm. Also, the dependence of
normalized reflectivity with the lattice parameter is shown in Fig. 3.14. For lattice parameters of 90, 100 and
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Figure 3.14.: Dependence with the lattice parameter of the normalized reflectivity of an ANA membrane
with silver nanowires with 16nm of radius embedded in its pores.
110nm, which corresponds to a porosity of about 11.5, 9.3 and 7.7%, respectively, the peaks maxima are all
localized at about same wavelength of 412nm. This reinforces the argument that, in this scale of distances,
the electromagnetic coupling between nanowires is reduced or, eventually, nonexistent. The wavelength of the
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peaks depends, however, on the refractive index of the alumina, as can be seen in Fig. 3.15. This change is
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Figure 3.15.: Dependence of the normalized reflectivity of ANA membranes with silver nanowires with 16nm
of radius embedded in their pores. The curves show also illustrate the dependence the refractive index of
the ANA membrane.
in accordance with Fig. 3.8 as the resonant wavelength of the LSPP depends greatly on the refractive index
of the surrounding medium of nanowires. Furthermore, it is expected an increase in the peak amplitude with
the increasing in the mismatch between the refractive index of the membranes and the outer medium. This
effect can be seen in the same figure.
The results for a finite ANA membrane are shown in Fig. 3.16. The left column shows the normalized
reflectance R, transmittance T and absorbance (A = 1−R− T ) for ANA membranes with 1µm of thickness
whereas the right column shows the same results but for thickness of 5µm, for the same values of radius of
the nanowires referred in Fig. 3.13. In the former case, the simulations were performed on a computational
box with 2nm of resolution and about 4.5 million of grid points and lasted about 3.4 hours to simulate the
propagation of the field by 100 fs. In the latter case, the conditions were the same except that the simulations
were performed in a box with 13.6 million points and lasted about 10.5 hours to complete. A comparison
between Fig. 3.13 and the reflectances of finite ANA membranes, as can be seen in top line of Fig. 3.16, shows
that in 300 − 500nm range of wavelengths, the curves are practically the same. This means that, in this
range, the reflectance is essentially a surface effect and is not affected by the thickness of the membranes.
Also, this is consistent with the scattering cross-section of a single silver nanowire immersed in a medium
of refractive index of 1.6, as shown in Fig. 3.8a. As the curve states that the radiation is mostly dispersed
in that range, laterally or in the backward direction to the nanowire, the same occurs in the case of an
hexagonal array of nanowires immersed in an ANA membrane. Thus, very little radiation reaches the rear
face of the membrane in this range of wavelengths, as it can be seen in the transmittance curves. However, for
wavelengths greater to 500nm, a Fabry-Perot (FP) interference phenomena begins to appears, as can be seen
by the regular oscillations in all curves. In fact, the two faces of an ANA membrane can acts as a resonant
cavity and, in consequence, a standing wave appears inside the membranes. The proximity between the peaks
is also an indicator of a FP phenomena. For ticker membranes, the distance between two consecutive peaks
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Figure 3.16.: Normalized reflectance, transmittance and absorbance of a finite ANA membrane with lattice
parameter of 100nm and with silver nanowires embedded in its pores, for several values of the radius of the
nanowires. The left and right columns represent the spectra for ANA membranes with 1µm and 5µm of
thickness, respectively.
is smaller than that for thinner membranes, which is consistent with FP interferometer. Also, according FP
interferometer theory, the free spectral range indicates that the transmitted peaks are all equally spaced in
frequency. This is not what is observed in the spectra presented in Fig. 3.16. Taking the case of nanowires
with R = 16nm in ANA membranes with 1µm of thickness as example, in transmittance curve the FP peaks
appears approximately at 506, 558, 620, 727 and 895nm. These values in frequency are not equally spaced.
This is an indication that the incident waves sees the ANA membranes with an effective refractive index that
varies with the wavelength. The curves of transmittance show that the membranes transmit only for longer
wavelengths. Also, the amplitude of the transmittance decays with the increase of the radius of the nanowires
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which is an indicator of increased absorption, since for larger nanowires there is indeed more metal. This is
confirmed in absorbance curves.
Due to a particular behavior, the optical properties of ANA membranes with lattice parameter of 500nm
will be discussed in the next section.
The computational results of ANA membranes with gold nanowires embedded in their pores are now pre-
sented. However, only results for ANA membranes with a lattice parameter of 100nm are shown. The general
behavior for the case of gold nanowires is relatively similar to that of silver nanowires, except that the plas-
monic peaks are shifted to the red as also are less expressive, as it can be seen in Fig. 3.17, that shows the
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Figure 3.17.: Reflectivity of gold nanowires embedded in a semi-infinite ANA membrane with lattice param-
eter of 100nm. The curves shows the dependency of the reflectivity with the radius of the nanowires.
dependence of the reflectivity spectra with the radius of the nanowires. In the gold case, however, the peak
wavelength is more sensitive with the radius of the nanowires, going from 555 to 572nm for a variation of
16 to 28nm of the radius. However, as shown in Fig. 3.18, the shift is not due to a possible electromagnetic
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Figure 3.18.: Dependence with the lattice parameter of the normalized reflectivity of an ANA membrane
with gold nanowires with 16nm of radius embedded in its pores.
coupling between nanowires but due to the deviation of the plasmonic resonance with the variation of the
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radius of the nanowires. The results for membranes with finite thickness are shown in Fig. 3.19, where the
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Figure 3.19.: Normalized reflectance, transmittance and absorbance of a finite ANA membrane with lattice
parameter of 100nm and with gold nanowires embedded in its pores, for several values of the radius of the
nanowires. The left and right columns represent the spectra for ANA membranes with 1µm and 5µm of
thickness, respectively. Note that for case of 5µm of thickness, only results for nanowires with 16nm are
shown.
left and right columns represent, respectively, ANA membranes with thickness of 1µm and 5µm. Again, the
results are similar to those of silver nanowires, with the difference that the transmittance is shifted to the red
by an amount of about 100 nm, displaying in general higher absorption. All the computational results for gold
nanowires were obtained in the same conditions as those of silver nanowires.
As mentioned above and observed in the reflectivity curves, the slight variation of the reflectivity peaks
with the radius of the nanowires as well as the lattice parameter suggests that an electromagnetic coupling
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between the nanowires appears to be irrelevant in this kind of structures. This is reinforced by the fact that
for nanowires with 16nm immersed in a medium with refractive index of 1.6, as those in ANA membranes, the
lateral dispersed radiation have, according Fig. 3.8a, wavelength of about 428nm. Thus, a silver nanowire sees
the emitted radiation by the neighbor nanowires essentially as constant-phase wave. Also, as the nanowires
are separated by 100nm, the scattered waves do not interfere appreciably. Therefore, it is expected that if the
nanowires are separated by a distance similar to the respective wavelength of the scattered waves, a strong
response of the system may occur as a result of a constructive interference between those waves. Also, the angle
of polarization of the source wave is irrelevant in studies with normal incidence like those presented above. In
fact, the polarization can be described in terms of the lattice vectors of a hexagonal lattice. According the
symmetries of this kind of lattice, however, the effects of the polarization in the direction of one of the lattice
vectors are additive with the ones in direction of other non collinear lattice vectors. In consequence, whatever
the angle of polarization, the optical response will be always the same. This was confirmed by simulations
performed in ANA membranes with polarization along X direction.
3.4. ANA membranes with embedded metallic nanowires as a refractive
index sensor
The Fig. 3.8 and Fig. 3.10 show that the resonant wavelength of a transverse localized surface plasmon-polariton
excited in a metallic nanowire is particularly sensitive with the refractive index of the surrounding medium to
the nanowire. Thus, an anodic nanoporous alumina membrane with metallic nanowires embedded in its pores,
can be used as a refractive index sensor if the nanowires are sufficiently exposed to the surrounding medium
of the membrane. This is achieved, in some way, by partially exposing the nanowires. In this way, an ANA
membrane acts essentially as a support layer to the exposed nanowires as can be seen in Fig. 3.20 that shows
Figure 3.20.: Schematic representation of the 3D computational model of an anodic nanoporous alumina
membrane with metallic nanowires embedded in its pores and partially outside from the membrane.
a 3D perspective of an ANA membrane with exposed nanowires. In this section, the effect of exposure of the
nanowires will be explored.
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In the following results, the system is excited by a plane wave that propagates along Z direction and is
linearly polarized along Y direction.
The first example in this section is a hexagonal array of semi-infinite silver nanowires with 16nm of radius and
spaced by 100nm. This model is equivalent to that shown in Fig. 3.11 but without the ANA membrane. The
Fig. 3.21 shows the dependence of the reflectivity of the structure with the refractive index of the surrounding
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Figure 3.21.: Reflectivity of a hexagonal matrix of silver nanowires, with 16nm of radius and spaced by
100nm. In (a) the dependence of the reflectivity with the index of refraction of the surrounding medium.
In (b) the resonant wavelengths as a function of the index of refraction for both type of peaks, the SWP
and LWP, respectively, the circle and square marks. Also, a linear regression of the respective results are
presented as red lines.
medium, and are the same as those presented in ref. [30]. All these computational simulations were performed
in the same conditions as the ones in Fig. 3.13. As it can be seen, the double peak curves are similar to those
observed in Fig. 3.13 with the difference that now the peaks are further apart. Also, as stated before, the
peaks are due to the resonant excitation of a transverse localized plasmon. However, the shorter wavelength
peaks are due to the natural plasmonic response of the silver whereas the longer wavelength peaks are due
to the formation of surface plasmons in the front face of the nanowires. In Fig. 3.22 it is shown a volumetric
distribution of the quantity |E|2 / |E0|2 in a region around the tip of the nanowires. In Fig. 3.22a the structure
is excited by a plane wave with wavelength of 388nm whereas in Fig. 3.22b the structure is excited by a plane
wave with wavelength of 452nm. These wavelengths are the same as the wavelength of the peaks observed in
curve with n = 1.4 of Fig. 3.21. It is possible to see that, in particular, the distribution of the electric field is
mainly confined in the front face of the nanowires in the LWP. In contrast, the electric fields distributes along
longitudinal surface of the nanowires for the case of SWP. The sensitivity of the reflectivity to the variation
of the refractive index of an external medium can be used as the working principle of a refractive index sensor
in reflectivity configuration. Taking into account that the sensitivity S is, usually, reported in nanometers of
peak shift per refractive index unit (nm/RIU), the above structure has S ≈ 83nm/RIU for the SWP and
S ≈ 191nm/RIU for the LWP. In theory, these sensitivities allow measurements of variations in the index of
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(a) (b)
Figure 3.22.: Volumetric distribution of the quantity |E|2 / |E0|2 in the region around the tip of metallic
nanowires with 16nm of radius and in a hexogonal array with lattice parameter of 100nm: (a) and (b)
shows the distribution for an excitation by a continuous plane wave with wavelength of 388 and 452nm,
respectively. These wavelenghts represents the peak maxima observed in curve with n = 1.4 of Fig. 3.21.
refraction in the 2nd decimal place.
A comparison between the results presented in Fig. 3.21 and in Fig. 3.8a can also be made. In curves of
Fig. 3.8a, although full details have not been given, the observed peaks are mainly due to the lateral scattered
waves by a single metallic nanowire. However, a portion of the incident wave is also reflected by the nanowire
in the backward direction but its contribution to the spectra is completely masked by the contribution of the
waves that are scattered laterally, whose peaks are slightly deviated to the red relative to the peaks of reflected
waves. If it is taken into account only the waves reflected by the single nanowire in the backward direction,
then the peaks observed in Fig. 3.8a are in the same wavelengths as those observed in Fig. 3.21. Thereby,
a transformation of a system of a single silver nanowire into a hexagonal array of them do not interfere in
the wavelength of the plasmonic resonances. This is a confirmation that an electromagnetic coupling between
nanowires in the above structure does not exists or is too weak to be measurable, at least, when normal
incident of the source wave is used. A confirmation of this statement can also be seen in the work of Evans
[31] and Zong [12].
A surprising result, relatively to the ones presented in Fig. 3.21, can be obtained if an ANA membrane with
lattice parameter of 500nm is used. As referred at the end of sec. 3.3, if the distance between the metallic
nanowires embedded in an ANA membrane is similar to the wavelength of the scattered waves by the nanowires
when in transverse plasmonic resonance, then a constructive interference between scattered waves may occur
as also a dramatic change in optical behavior. This is confirmed in Fig. 3.23 that shows the effect of exposing
the silver nanowires with 84nm of radius to the outside of an ANA membrane with lattice parameter of
500nm, by a distance of ∆ = 500nm. These results were obtained by simulations on a computational box
with 4nm of resolution and about 10.3 million of grid points having lasted about 2.7 hours to simulate the
propagation of the fields by 50 fs. The expressive peak that appears at 525nm is due to a collective dipole-
dipole interaction that occurs between neighbor nanowires, and only becomes relevant if the nanowires are
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Figure 3.23.: Reflectivity of an ANA membrane with lattice parameter of 500nm and silver nanowires with
84nm of radius embedded in its pores. The curves shows the dependence of the reflectivity with the length
of the exposure ∆ of the nanowires in vacuum.
sufficiently far apart [28, 29, 32]. Thus, the plasmonic response of the structure is, somehow, reinforced by
a collective interaction between nanowires. This interaction can be seen in Fig. 3.24 that shows a transverse
Figure 3.24.: Transverse distribution of the density of electric charge ρ (blue for negative charges, red for
positive charges) at the a distance of 100nm from the front face of the silver nanowires with 120nm of
radius. The nanowires are embedded in an ANA membrane with lattice parameter of 500nm and partially
exposed to air, and are excited by a plane continuous source wave with wavelength of 532nm linearly
polarized along Y direction. The lines of the electric field are also shown.
view (XY direction) of both density of electric charges as the lines of the electric field, at a distance of 100nm
from the front face of silver nanowires with 120nm of radius, embedded in an ANA membrane with lattice
parameter of 500nm and partially exposed to air. Another interesting feature of the peak observed in Fig. 3.23
is its dependence with the refractive index of the surrounding medium of the nanowires. The Fig. 3.25 shows
that the resonant wavelength is very sensitive with the nature of the outside medium. The sensitivity S, for
this kind of structures, is about 512nm/RIU , a much higher value the ones stated in first example, and allows
measurements of variations in the 3rd decimal place of the refractive index. The amplitude of the peaks can
be increased without affecting the sensitivity. In Fig. 3.26 is shown the same results as the ones of Fig. 3.25
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Figure 3.25.: Reflectivity of silver nanowires with 84nm of radius embedded in an ANA membrane with
lattice parameter of 500nm and exposed by 500nm to a surrounding medium. In (a) the dependence of
the reflectivity with index of refraction of the surrounding medium. In (b), the resonance wavelength as a
function of the index of refraction with a linear regression analysis of the results shown by the red line.
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Figure 3.26.: Reflectivity of silver nanowires with 120nm of radius embedded in an ANA membrane with
lattice parameter of 500nm and exposed by 500nm to a surrounding medium. In (a) the dependence of
the reflectivity with index of refraction of the surrounding medium. In (b), the resonance wavelength as a
function of the index of refraction with a linear regression analysis of the results shown by the red line.
but for silver nanowires with 120nm of radius.
Similar behavior to the case of silver nanowires can be obtained with gold. In Fig. 3.27 it is shown equivalent
results as the ones in Fig. 3.25 but for gold nanowires. Although a high sensitivity is obtained, its value
S = 413nm/RIU is lower than the one for silver nanowires.
In order to give a certain degree of confidence to the results obtained by MEEP, a comparison with experi-
mental results will be made now. However, the absence to date of works that study the structures discussed
above, forces the comparison with a similar structure: metallic nanodisks in a hexagonal lattice. If the nan-
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Figure 3.27.: Reflectivity of gold nanowires with 84nm of radius embedded in an ANA membrane with
lattice parameter of 500nm and exposed by 500nm to a surrounding medium. In (a) the dependence of
the reflectivity with index of refraction of the surrounding medium. In (b), the resonance wavelength as a
function of the index of refraction with a linear regression analysis of the results shown by the red line.
odisks are sufficiently far apart, then the extraordinary optical properties follows the same behaviors as those
of the nanowires. In the work of Zheng [2] a study of the extinction spectrum of a hexagonal array of gold
nanodisks on a substrate of glass was made. A study of the dependence of the extinction spectra with the
refractive index of the surrounding medium to the nanodisks was also made. In Fig. 3.28 is represented a 3D
Figure 3.28.: 3D view of a hexagonal array of gold nanodisks over a substract of glass
view of the considered structure. In Fig. 3.29 a comparison between the results is presented. For the case of
gold nanodisks with 140nm of diameter, 33nm of thickness, and spaced between each other by a distance
of 320nm, the results appear to be very similar, although MEEP results present a general shift to the red
of about 40nm. Nevertheless, MEEP was capable to predict the extraordinary optical behavior in the same
region of the spectrum as also the amplitude of the shift of the peaks. This constitutes a strong indication
that MEEP can provide realistic results.
In conclusion, it was shown that by partial exposing of the metallic nanowires initially belongs to an ANA
membrane with lattice parameter of 500nm gives rise to a dramatic change in the reflectivity spectrum of the
51
Chapter 3
500 600 700 800 900 1000
Wavelength λ (nm)
0.0
0.2
0.4
0.6
0.8
1.0
E
x
ti
n
ct
io
n
 (
a
rb
. 
u
n
.)
n=1.00
n=1.33
n=1.63
(a)
500 600 700 800 900 1000
Wavelength λ (nm)
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
liz
e
d
 E
x
ti
n
ct
io
n
n=1.00
n=1.33
n=1.63
(b)
Figure 3.29.: Extinction spectra of nanodisks of gold with 140nm of radius and 33nm of thickness distributed
in a hexagonal matrix with lattice parameter of 320nm and over a substract of glass (n = 1.52): Comparison
between experimental results (a), obtained from [2], and MEEP results (b).
structure. This change, that can be seen as a remarkable peak in the spectrum, is due the plasmonic response
of the nanowires reinforced by a collective dipole-dipole interaction between them. Also, it was shown that
the peak wavelength is highly dependent on the refractive index of the surrounding medium to the nanowires.
This dependence opens the possibility to use these structures as a refractive index sensor. Moreover, the silver
nanowires display a better response than similar ones made of gold.
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4. Experimental section
The computational simulations predicts that a metamaterial composed by silver nanowires embedded in an
anodic nanoporous alumina membrane can be used as a refractive index sensor. In this way, this section
will describe the work done so far in the IFIMUP labs for the experimental realization of a sensor based on
computational results. In sec. 4.1 the details of the synthesis of the ANA membranes will be given. The process
used to grow the metallic nanowires in the pores of the ANA membranes will be explained in the sec. 4.2. In
section sec. 4.3 the optical properties of some of the structures synthesized so far will be presented. Finally,
in sec. 4.4 it is detailed the attempt to expose the nanowires.
4.1. Synthesis of anodic nanoporous alumina membranes
The anodic nanoporous alumina membrane, or template, is a porous aluminum oxide membrane which is
obtained by anodizing an aluminum substrate under specific and controlled conditions, and that may have
thickness ranging from a few nanometers to several hundred of microns. The formation of the nanopores begins
in the initial stages of the anodization, where randomly distributed nanopores start to appears at the surface
of the oxidized membrane. As the membrane grows, a self-order process occurs and the nanopores begin to
appear in an perfectly hexagonal matrix. The driving force behind this self-ordering process is attributed to
mechanical stress that occurs with the expansion of the membrane relative to the aluminum substrate that,
in some way, acts as repulsive force between the nanopores. A more detailed explanation about this process
can be obtained in the master’s thesis of the L. M. Custódio [33].
Membranes with self-ordered interpore distance of about 60, 100 and 500nm can be fabricated in sulfuric
acid (H2SO4) at 25V , oxalic acid ([COOH]2) at 40V and phosphoric acid (H3PO4) at 195V , respectively. In
the following, the general steps used to produce ANA membranes will be presented. Also, according [11], the
respective nominal pore radius are about 10, 16 and 84nm. Although different electrolytes are used, the process
to produce membranes with different interpore distances is similar. The fabrication of ANA membrane starts
with the cutting of 1.3 × 1.3 cm2 samples of from a high-purity aluminium (Al) foil (Goodfellow 0, 25mm
thick sheet with 99, 999% of purity). After a first degrease in acetone and ethanol (10 min in ultrasound
bath), the Al samples are submitted to a 2min electropolishing process, in order to optimize the nucleation
conditions that give rise to the formation of nanopores and, consequently, improve self-ordering process. This
electropolishing process is performed in a electrolyte with 25ml (1/4) of perchloric acid 60% (H2ClO4) and
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75ml (3/4) of ethanol 96% (C2H6O) under ∼ 10 °C at 20V . After this initial process, the samples are then
placed in an electrolytic cell where the anodization takes place. The anodization process follows the method
introduced by Masuda and Fukuda [34], where two consecutive anodization steps are performed. The first
anodization, which lasts 24 hours, takes place with the electrolyte at 4°C if sulfuric or oxalic acid is used,
and 0°C for the phosphoric case. Thus, after the first anodization, the samples are submitted to a solution
of 0.4M phosphoric acid 85% with 0.2M chromic acid 99% (H2CrO4) to selectively dissolve the synthesized
ANA membrane. This process is carried in a water bath at 40°C during ∼ 12 hours. After the dissolution, the
samples are then submitted to a second anodization process that occurs under the same exactly conditions as
the first one. After the first anodization, the alignment of pores is not ideal because of the random pattern
left on the sample surface by the electrolytic process. Thereby, a dissolution of the membrane between two
anodizations is needed to expose the hexagonal dip-array that the first anodization left patterned in the
aluminium substrate. This pattern serves as nucleation sites for subsequent anodization where pores start to
grow immediately in an organized pattern. The thickness of the ANA membrane is related to the duration of
the second anodization. In sulfuric, oxalic and phosphoric acids, the growth rates are 5µm/h, 2.5µm/h and
5µm/h, respectively. As the final step, the samples are removed from the electrolyte cell and submitted to a
solution of 100 g/l Copper (II) Chloride (CuCl22H2O) with 10% (v/v) Hydrochloric acid (HCl) to selectively
dissolving the remaining aluminium. After that, a freely transparent ANA membrane is obtained. However,
according to [33], the membranes have open pores on one side but closed on the opposite side (see Fig. 2.2).
The layer that covers the bottom of the pores is called the barrier layer (BL).
As, in general, the produced membranes are very thin, about 30µm, its direct manipulation was avoided.
Instead, a small ribbon glued on the membranes was used in their handling.
4.2. Electrodeposition of silver nanowires in ANA membranes
Although results for gold have been presented in the computational section, in the experimental part of this
dissertation only oxalic and phosphoric based ANA membranes with silver nanowires embedded in their pores
were produced.
Several methods can be used to electrodeposit silver within the pores of the ANA membranes, such as DC,
AC or pulsed methods. However, the Direct Current (DC) electrodeposition method was the only one used
because it allows a better control over the electrodeposition process.
The preparation of ANA membranes for electrodeposition of silver in their pores begins with the removal
of the barrier layer because DC method requires a metallic contact deposited at the end of the pores, which
serves as the cathode, where silver ions are reduced. The BL is removed using a process similar to the one
described in [35], that consists in placing the membrane floating in a solution of 0.4M Phosphoric acid of 85%
wt (H3PO4), with the BL side facing downwards, until it completely sinks. After the sinking, the membrane is
removed from solution and immediately washed. The time needed to remove the BL depends on the potential
54
4.2 Electrodeposition of silver nanowires in ANA membranes
applied in the anodization process. For oxalic based membranes the time needed is about 35min with solution
at 30°C and for phosphoric ones is about 95min with solution at 40°C. However, this method presents a
major drawback. Near the end of the remove of the BL and before the sinking of the membrane, the solution
penetrates into its pores and stays there for a few minutes which, in consequence, results in a widening of the
pores. Thus, this method is not suitable if a ANA membrane with its nominal pore radius is needed. The
next step in the preparation of ANA membranes for electrodeposition of metal is the deposition of an electric
contact in the BL side. Three metals were tested, namely, aluminium, cooper and gold. However, and after
several tests, only gold contact appears to be suitable for the deposition of silver nanowires. Thus, a gold layer
with 150nm of thickness was sputtered in all produced membranes using a Boc Edwards Scancout Six.
The process of electrodeposition of silver was placed again in a electrolytic cell, just like in the anodization
process, using a three-electrode setup and a solution of silver sulphate (8.5 g/l Ag2SO4), Diammoniumhydro-
gencitrate (200 g/l (NH4)2 C6H6O7) and potassiumthiocyanate (105 g/l KSCN) at room temperature [33][36].
Also, a potentiodynamic voltammetry cycle was performed to determine the most suitable overpotential to be
used in the electrodeposition, whose determined value was 0.25V .
In general, after the electrodeposition, the membranes present a dark blue color. Taking into account the
computational results for reflectivity of ANA membranes with lattice parameter of 100nm and with silver
nanowires embedded in its pores, the blue color is consistent with the wavelength of the resonance peak
observed in those spectra which is a confirmation of a resonant excitation of surface plasmons (SPR) in silver
nanowires. Also, some of the samples appears black in color, a consequence of an irregularity in the growth of
silver nanowires in the pores of the membrane. This effect can be seen in Fig. 4.1, that shows a sectional view
(a) (b)
Figure 4.1.: Sectional view of oxalic based ANA membranes with silver in its pores. In (a), silver nanowires,
with a mean length of about 11µm, grown by 60min. In (b) silver nanowires with mean length of about
12µm grown by 90min. In both images, the gold layer is localized at the bottom part of the nanowires.
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of two of the produced oxalic based samples, O10.1 (left image) and O14.2 (right image), obtained via scanning
electron microscope (SEM) FEI Quanta 400FEG ESEM/EDAX. It is possible to see that in sample O10.1,
that presents black color, an irregularity in the growth of silver nanowires occurs. In fact, this irregularity can
destroy a coherent emission of radiation due to SPRs, hence, the black color. In sample O14.2, a blued sample,
a much less irregular growth is observed. The quality of sputtered gold layer and a non-uniform removal of
the BL may be the explanation for such irregular growth. Another interesting fact that was observed in all
samples that were analyzed by SEM, is an apparently self-limited growth of the silver nanowires. Whatever
the time used in electrodeposition, the nanowires appears to stop growth shortly after reaching the 10µm of
length. However, an explanation for this behavior has not been found so far.
To verify the crystallinity of the silver nanowires, a X-ray Diffraction (XRD) study was also made. In Fig. 4.2
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Figure 4.2.: X-ray pattern of the silver nanowires electrodeposited in the oxalic based ANA membrane O10.3.
In top of each peak, the crystallographic planes identification.
the X-ray pattern obtained from silver nanowires grown in a oxalic based membrane. The prominent peaks,
all due to the presence of silver, show that the grown nanowires are highly crystalline. Also, the absence of
other peaks proves that the produced ANA membranes are amorphous.
4.3. Optical properties of silver nanowires embedded in ANA
membranes
In order to be coherent with computational results, the optical properties, in particular the reflectance, of the
ANA membranes with silver nanowires embedded in its pores needs to be made along the face that contains
the gold layer. Thereby, the gold layer needs to be removed from the membrane using a suitable method.
However, if an effective method to remove gold layer is unavailable, an easy and rapid way to analyse the
optical properties is study over the face with open pores, although some limitations need to be taking into
account.
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The experimental setup used in the optical characterization of the membranes with silver nanowires follows
the same used by I. T. Leite in [37]. In Fig. 4.3 a schematic illustration of the setup is presented. To simulta-
Figure 4.3.: Schematic representation of the experimental setup used in the optical characterization of ANA
membranes with silver nanowires embedded in it pores. The reflection probe illuminates and collects the
light scattered by the sample, and the reflection intensity spectrum is then analyzed by the spectrometer.
neously illuminate the sample and collect the light scattered on its surface under nearly normal incidence, an
optical fiber reflection probe (Avantes Reflection Probe) composed of six illumination fibers and another one
for collection, each with 400 µm core diameter and 0.22 numerical aperture, was used. For optical source, a
tungsten-halogen lamp (Avantes AvaLight-HAL) connected to the six illumination fibers was also used. The
analysis of the reflected signal in the collection fiber was made by a CCD spectrometer (Ocean Optics USB-
4000-VIS-NIR) with a bandwidth 345− 1050nm and the samples were placed at distance from the reflection
probe of about 10mm. Finally, to calibrate the reflectance spectra from the samples, a silver mirror was used
as a reference.
The results of the study of the normalized reflectance of two blued samples, O14.2 and O14.4, as also a
comparison with MEEP results for equivalent geometrical parameters, is presented in Fig. 4.4. The Fig. 4.4
300 400 500 600 700 800 900 1000
Wavelength λ (nm)
0.016
0.017
0.018
0.019
0.020
0.021
0.022
0.023
0.024
N
o
rm
a
liz
e
d
 R
e
fl
e
ct
a
n
ce
O14.2
O14.4
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
M
E
E
P
 N
o
rm
a
liz
e
d
 R
e
fl
e
ct
a
n
ce
Figure 4.4.: Normalized reflectance of two oxalic based ANA membranes, with lattice parameter of 110nm,
with silver nanowires with radius of about 20nm embedded in their pores. MEEP result (dashed line) is
also shown for comparison.
shows SEM images from the top surfaces of the two samples (obtained from SEM) that allows to extract
the geometrical parameters used for MEEP comparison. A simple analysis reveals a lattice parameter of
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(a) (b)
Figure 4.5.: SEM images from the top surface of (a) sample O14.2 and (b) O14.4.
about 110nm and radius of the nanowires of about 20nm. Despite the big difference in the amplitude of the
normalized reflectance, MEEP was capable to predict very well the wavelength of the resonant excitation of
the transverse localized surface plasmon-polariton. While for both samples, the resonant excitation occurs
at about 420nm, MEEP predicts that the same resonance occurs at about 412nm. As explained in sec. 3.3,
in MEEP all reflected waves by the sample, even those that are reemitted at grazing angles, are taken into
account for the calculation of the reflection spectrum. However, the finite aperture of the probe used for the
optical characterization of the samples only allows the capture of light that reflected by the sample in a small
range of angles. This reason, combined with the fact that a lossless model for alumina is used in MEEP,
explains the big difference in the amplitude of the normalized reflectance.
4.4. Exposure of the metallic nanowires
According Fig. 4.1, the best side of the ANA membrane to expose the nanowires is the one that contains the
gold layer. This is because, in that side, the nanowires are closer to the external environment. In principle,
this proximity simplifies the exposure of the nanowires. Two phosphoric based ANA membranes with silver
nanowires in their pores were physically etched on the side with gold layer. An attempt to exposure the
nanowires was, then, made. The solution used in the dissolution of ANA membranes during the anodization
process, was also used to expose the nanowires. Thus, a small drop of the solution was applied over the face on
which gold was sputtered, and left acting for a few hours. In Fig. 4.6 is shown a SEM picture of the phosphoric
based membrane P02.4 which represents the best obtained result. The picture represents a sectional and top
view of the sample around a cracked region (indeed, the membrane has to be cracked to be analyzed in SEM)
and shows that this method is not suitable to expose the nanowires. A fear around the exposure of a nanowire
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Figure 4.6.: Sectional and top view of the phosphoric based ANA membrane P02.4 with silver nanowires
embeded in its pores. This SEM image shows a view of a cracked region.
relates to the fact that without the membrane support, it may become too fragile, which can constitutes a
problem in an application as a sensor. However, over the cracked line it is possible to see exposed nanowires.
This may be a proof of their mechanical strength and, if so, this is excellent news because it makes credible
their application as a sensor.
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5. Conclusions and Future work
This dissertation aimed the study of metallic cylindrical nanowires, its optical behavior and the effects of
combining an ordered array of them into a dielectric matrix. It was shown that when a single nanowire is
excited in a resonant condition by an electromagnetic wave that propagates in its longitudinal direction, the
nanowire reacts by scattering strongly the radiation. This resonant response is due to a resonant excitation of
a transverse localized surface plasmon-polariton LSPP in the nanowire. It was shown also that in silver and
gold nanowires, the resonant condition may be delocalized simply by adjusting their diameter or by changing
the refractive index the surrounding medium to the nanowires. In silver and gold is observed a red shift in
the resonant condition if an increase in the refractive index of external medium occurs.
With this dissertation it was possible to conclude that the observed peaks in the reflectance spectrum of a
metastructure composed by silver or gold nanowires embedded in an anodic nanoporous alumina membrane
with lattice parameter of 100nm or less, are due to a resonant excitation of LSPP that occurs in the nanowires.
Also, it appears that the peaks wavelength do not shift appreciably with the change of the radius of the
nanowires nor the change of the distance between them. It was shown also, that this kind of metastructures
only transmits in longer wavelengths and presents a Fabry-Perot phenomena if their thickness is of order
of about few microns. Taking into account that the silver nanowires scatters resonantly in the range of
300 − 500nm, and gold in 500 − 600nm range, according their radius, and that the lattice parameter is
much lower than any value on those ranges, an electromagnetic coupling between the nanowires cannot occurs
efficiently because each nanowire in the lattice sees the scattered wave by the neighbor nanowire essentially
as constant-phase wave.
This dissertation shown also that this kind of metastructures can be used as a refractive index sensor,
simply by, in some way, expose the nanowires to the outside of the ANA membrane. This expose maximizes
the contact of the nanowires with an external medium and, hence, a sensor can be made because the resonance
condition of the nanowires are highly dependent on the refractive index of the external medium. A optimum
condition for a sensor is achieved if the nanowires are space by a distance similar the resonant wavelength of the
nanowires. Thus, a constructive interference between the scattered waves is favored and, and, in consequence,
a dramatic change in the optical response of the metamaterial occurs. This peculiar optical response is due
to a coherent dipole-dipole coupling that occurs between all nanowires of the matrix. Finally, with the use of
this kind of structures as a sensor is possible, theoretically, to detect changes in the 3rd decimal place of the
refractive index if silver is used. Gold, although it is an excellent candidate to be used in a sensor, presents
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results somewhat lower than the silver case.
Taking into account that the experimental realization of a sensor based on MEEP predictions was not
achieved, it is intended to continue this fantastic work in order to try to accomplish this objective.
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A. Appendix
A.1. Python script to solve equation 2.21
To solve numerically the equation (2.21), a simple Python script was developed. The dispersion curves are
constructed as follows: 1) The script performs a scan in a desired range of wavelengths λSPP of the SPP, and
for each value of the SPP longitudinal momentum β = 2pi/λSPP tries to find the best corresponding value
of the angular frequency ω = 2.pic/λ0; 2) using an iterative process, the search for ω runs until its value is
within an maximum error. The script is shown below and is based on references [9, 1]. In section “Definition
of parameters” the parameters of the desired dispersion curve are defined as type of metal, radius of the
nanowire, index on refraction of surrounding medium as also mode number. After the calculations, the script
presents a plot with the results and stores them in a text file.
1 # -*- coding: utf -8 -*-
2 from numpy import array , linspace , nan , savetxt
3 from scipy.constants import c, pi, physical_constants
4 from scipy.special import kv, kvp , iv , ivp
5 from matplotlib import pyplot
6 from cmath import sqrt
7
8 hbar_eVs = physical_constants["Planck constant over 2 pi in eV s"][0]
9 h_eVs = physical_constants["Planck constant in eV s"][0]
10
11 # #####################################################################
12 ### Definition of parameters
13 # #####################################################################
14 metal = "Ag" # Metal type: Ag or Au
15 la = [16e-9] # List of the radius of the nanowires
16 lnsm = [1.0] # List of index of refraction of surrounding medium
17 lm = [0, 1] # List of SPP mode numbers
18 lfsv = 5e-9 # Wavelength : Sets the upper bound of the error of lambda_0
19
20 # #####################################################################
21 ### Calculation of the dispersion curves.
22 # #####################################################################
23 # Dispersion curve equation extracted from Ashley.
24 nuM = lambda k, w: sqrt(k*k-epsM(w)*w*w/c/c).real
25 nuD = lambda k, w: sqrt(k*k-epsD(w)*w*w/c/c).real
26 alpha = lambda k, w, a: ivp(m, nuM(k, w)*a)/iv(m, nuM(k, w)*a)
27 beta = lambda k, w, a: kvp(m, nuD(k, w)*a)/kv(m, nuD(k, w)*a)
28
29 def dispersionrelation(k, w, a, m, epsM , epsD):
30 return nuM(k, w)**2* nuD(k, w)**2*( nuD(k, w)*epsM(w)*alpha(k, w, a)-nuM(k, w)*epsD(w)*beta
(k, w, a))*(nuD(k, w)*alpha(k, w, a)-nuM(k, w)*beta(k, w, a))-(m*k*w/a/c*(epsD(w)-
epsM(w)))**2
31
32 class LDpermittivity ():
33 # This class empleys the Lorent/Drude model to the permittivity of metals.
34 # The values were extracted from Rakic.
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35 catalog = {
36 "Ag": {
37 # Plasma frequency
38 "wp": 9.01/ hbar_eVs ,
39 # Strength factors
40 "fi": array ([0.845 , 0.065 , 0.124, 0.840, 5.646]) ,
41 # Resonance frequencies
42 "wi": array ([0., 0.816, 4.481, 9.083, 20.29])/hbar_eVs ,
43 # Damping factors
44 "gi": array ([0.048 , 3.886 , 0.452, 0.916 , 2.419])/hbar_eVs},
45 "Au": {
46 "wp": 9.03/ hbar_eVs ,
47 "fi": array ([0.760 , 0.024 , 0.071, 0.601, 4.384]) ,
48 "wi": array([0, 0.415, 2.969 , 4.304, 13.32])/hbar_eVs ,
49 "gi": array ([0.053 , 0.241, 0.870, 2.494, 2.214])/hbar_eVs }}
50
51 def __init__(self , metal):
52 self.fi = self.catalog[metal]["fi"]
53 self.wi = self.catalog[metal]["wi"]
54 self.gi = self.catalog[metal]["gi"]
55 self.wp = self.catalog[metal]["wp"]
56
57 def __call__(self , w):
58 return (1.+ sum(self.fi*self.wp **2/( self.wi**2-w*w-1j*self.gi*w))).real
59
60 epsM = LDpermittivity(metal)
61
62 for a in la:
63 for nsm in lnsm:
64 epsD = lambda w: nsm*nsm
65 for m in lm:
66 vlsX = []
67 vlsY = []
68 for sppwvl in linspace(1, 1000, 100)*1e-9:
69 if sppwvl == 0.: continue
70 k = 2.*pi/sppwvl
71
72 f = 100 e12 # Linear frequency: Start point (~3 um)
73 L = None # Last calculated value for the dispersion .
74
75 for j in xrange (10000):
76 f += 5e11
77 F = dispersionrelation(k, 2.*pi*f, a, m, epsM , epsD)
78
79 if not F==nan:
80 if L is not None and F*L<0:
81 while F*L<0:
82 f = f/(1.+f*lfsv/c)
83 F = dispersionrelation(k, 2.*pi*f, a, m, epsM , epsD)
84
85 vlsX.append(c/f)
86 vlsY.append(sppwvl)
87 break
88
89 L = F
90 else:
91 if len(vlsX) >0:
92 break # Mode is in cut!
93
94 vlsX = array(vlsX)
95 vlsY = array(vlsY)
96
97 # Plot the results
98 pyplot.plot(vlsX*1e9, vlsY*1e9, label="a=%.0f n=%.2f m=%1i" % (a*1e9 , nsm , m))
99
100 # Save results to txt file
101 filename = "MNW_SPP_DC_%s_a%.0 f_m%s_ior %.0f.txt" % (metal , a*1e9, m, nsm*1e3)
102 savetxt(filename , array([vlsX , vlsY]).transpose (), header="Vacuum wavelength\tSPP
wavelength")
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103
104 # #####################################################################
105 ### Show results
106 # #####################################################################
107 pyplot.plot([0, 1000], [0, 1000], "k", lw=2.0) # Light line
108 pyplot.xlabel(r"Vacuum wavelength $\lambda_0\,(nm)$")
109 pyplot.ylabel(r"SPP wavelength $\lambda_{SPP}\,(nm)$")
110 pyplot.legend(loc="best")
111 pyplot.grid(b=True)
112 pyplot.xlim(0, 1000)
113 pyplot.ylim(0, 1000)
114 pyplot.show(True)
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Nomenclature
Ag Silver
Al Aluminium
ANA Anodic Nanoporous Alumina
Au Gold
BEM Boundary Element Method
BL Barrier Layer
EM Electromagnetic
FDTD Finite Difference Time Domain
FEM Finite Element Method
FP Fabry-Perot
FWHM Full width at half maximum
LSPP Localized Surface Plasmon-Polariton
LWP Longer Wavelength Peaks
MEEP MIT Electromagnetic Equation Propagation
MIT Massachusetts Institute of Technology
PML Perfectly Matched Layer
RIU Refractive Index Unit
SEM Scanning Electron Microscope
SP Surface Plamon
SPP Surface Plamon-Polariton
SPR Surface Plasmon Ressonance
SWP Shorter Wavelength Peaks
XRD X-ray Diffraction
71
